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PREFACE, 



I AM often asked to help young men who are preparing for 
matricnlation or scientmc degrees at the London University, 
and to recommend to them books for their further assistance. 
The iact that I do not know a book at a moderate price that 
attempts to explain, as well as to describe, the phenomena of 
Physics, has led to my writing this one. It has occupied 
the leisure of tibree years of an exceptionally busy life, and 
has given to that leisure a purpose and a pleasure that have 
more than repaid the trouble and expense. If it also helps 
my pupils and others, I shall have my pleasure increased. 

1 have to thank many Mends for help of various kinds. 
For the gift and loan of books, I have to thank Professor 
Tyndall, Professor Balfour Stewart, Professor Grove, W. 
Spottiswoode, Esq., and W. M. Williams, Esq. Also I am 
indebted to E. J. Stone, Esq., for permission to visit Green- 
wich Observatory, and for his guidance over it ; to Professor 
Balfour Stewart for permission to visit Kew Observatory, 
and for his guidance on two occasions ; and to Arthur Hill, 
Esq. of Bruce Castle, Tottenham, for several valuable sug- 
gestions. 

In one sense the book is wholly original, being based upon 
my own experiments and observations. By the light of these 
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I have read the books mentioned* with more or less care and 
completeness, and have then made such corrections in the 
text as seemed desirable. "No part of the book is merely a 
reproduction of part of any other, and there is no quotation 
in it, excepting a few words from Sir John Herschel ; and 
after this was printed, I found Professor Tyndall has quoted 
precisely the same passage, but at more length, in his * Notes 
on light,* since published. Excepting figs. 112 and 113 
(for which I am indebted to Mr Browning), the drawings are 
my own, and are all original. 

W. R 



WoBEiNa Men's College, 
91 Blaokfbiabs' Boad, London. 



♦ The Philosophical Transactions of the Royal Society 1660-1869 ; the 
Beports of the British Association 1831-1869 ; ' Heat a Mode of Motion ' — 
Tyndall; Lectures on Sound—Tyndall ; Dia-Magnetism, &c.— Tyndall; 
Notes on Light— Tyndall ; Notes on Electricity— Tyndall ; Treatise on 
Heat— Balfour Stewari;; Correlation and Continuity— Grore ; Die Gal- 
vanische Kette— Ohm ; La Lumi^re— Becquerel ; The Fuel of the Sun- 
Williams. 
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CORRIGENDA. 



Page 74, line 45, ^r "raise 80°" read "raise mercury 30°." 

86, n 16, II "lO^C." n "-lO^C." 

89, II 6, I. "20°C." M "-20°C." 

95, n 12, M "light" It "lights." 

103, M 14, 11 "Ughts" II "light." 

158, figs. 78, 79, 80, and 81 should be numbered from right to left, 
instead of from left to right. 
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dofBcult to realise the relative value and importance of onr own 
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to understand our own individual relations to the external 
world, to realise what seeing, hearing, tastii^, feeling, and BmeU- 
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A MAN lost on an island would compare it with his own country 
as to its size, climate, vegetation, animal inhabitants, &c, and 
would find it difficult to consider the two lands as being equally 
portions of the globe. His own native land would be a fixed 
unalterable standard in all things. He would not compare the 
two places each with the other, but would compare the new with 
the old, the novel with the familiar. Only a specially thought- 
ful man would take the new as a standard with which to compare 
the old. So a traveller who passes through many lands at first 
compares the manners and customs of the people with those of 
his own nation— only gradually will he compare them amongst 
themselves, and still more slowly wiU he review habits of his 
own countrymen by any standard formed abroad. 

Thus also, in considering the politics of our own times, how 
few realise the truth that the present is only one of a long series 
of times,- and not a platform from which to survey history as a 
traveller surveys a stormy sea from a safe harbour ! If it be 
difficult to realise the relative value and importance of our own 
country and the events of pur own times, to comprehend their 
connection with the past and their probable influence on the 
future, how much more difficult to look at ourselves from outside, 
to understand our own individual relations to the external 
world, to realise what seeing, hearing, tasting, feeling, and smeU- 
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ing are ! For be it remembered that by these senses, and by 
these only, are we cognisant of an outer world at alL 

Look at a blind man, and consider how different are his im- 
pressions of the world to ours. Colour, form, light, and shade — 
all that make up beauty — are to him almost unknown. Think, 
again, of the deaf man, for whom the music of the human voice 
never existed, by whom the thunder and the wave-ripple are alike 
inaudible, and for whom rhythm can scarcely exist ; and then, 
again, that by this same man the expression of his feelings by 
speech is altogether unknown. 

Add to the idea of all these deprivations that of the absence of 
taste, smell, and feeling, and then we may approximately realise 
the condition to which man would be reduced but for the recep- 
tive power of the senses. I say receptive power — ^for it must be 
borne in mind that seeing, hearing, feeling, smelling, and tasting, 
are not acts of volition, but of endurance. We cannot see by 
desiring to see, nor hear by wishing to hear. It is essential that 
the eye or ear should receive that impulse which we call sight or 
sound. 

It is, then, by our senses of seeing, hearing, feeling, tasting, 
and smelling, and by these only, that we can become cognisant of 
what is going on around us. And we have, then, to ask in what 
manner and by what agency do these senses keep us informed ? 

The agency consists in the organs called the eyes, ears, nose, 
palate, and a more generally diffused organ, that of feeling, to 
which no especial name has been assigned. But these organs are 
no more than the machinery for bringing into contact with exter- 
nal nature the extremities of the various nerves which are really 
the organs of sense. Two branches of the optic nerve terminate 
in jRne threads within the eyes, and the eyes are but suitable 
machinery for communicating motion to these nervous extre- 
mities, and for protecting them from injury. Two branches of 
the auricular nerve in the same way terminate within the ears, 
and these ears are no more or less than suitable machinery for 
conununicating motion to these nerves, and for their protection. 
Similarly the nose is an arrangement for the protection of the 
extremities of the nerves of smelling and for communicating 
motion to them ; so of the palate and the nerves of taste. The 
sense of feeling is more generally diffused, the extremities of these 
nerves spreading over the whole external and internal surface of 
the body. But in all cases the nature of the action is the same. 
Motion or force is communicated to our nerves, and by this action 
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on these nerves, and by this only, we are enabled to form con- 
ceptions of the external world. 

But we must remember that the external world is altogether 
independent of us and our nerves. The world existed, with end- 
less varieties of land and sea, of trees and flowers, with its alterna- 
tions of day and night, summer and winter, for countless ages 
before man came on it to see and hear, to work and govern ; to 
wonder, to think, and to discover ; to pass through all the grada- 
tions of ignorance, presimiption, pride, and himiility ; to learn by 
long and toilsome experience how small and yet how noble a 
place he occupies in the world in which he finds himself, coming 
whence he knows not, going whither he knows not ; to find his 
true place only by accepting his position and by doing the work he 
finds before him, having faith in his labour only because he labours 
in the faith that the vast universe is governed by its Creator. 

The eye sees by light, but the energy that calls forth the sensa- 
tion of light existed long before there were eyes to see. The ear 
hears by sound, but the energy that acts on it existed long before 
there were ears to hear. Light is not a thing, but an affection; 
and the conmiand " Let there be light" must have been meant as 
marking either the beginning of the energy that acts on the organ 
of sight^ or the development of that organ. 

It being assumed, therefore, that we are acquainted with the 
facts of the outer world only by means of our senses (by sight, 
sound, hearing, feeling, and tasting), it becomes necessary to ask, 
What do these senses tell us ? how do they tell it to us ? 

The eye tells us the shape, size, and colour of objects; the sense 
of feeling also indicates these points, but in a much less defined 
manner. The ear informs us of certain motions or vibrations 
existing around us; the nose and palate are minor means of 
doing the same. The eye really tells^ us only colour ; w^ infer 
shape and size by a mental process. 

But if I stand in a dark room, however full it may be of persons 
or things, my eyes tell me nothing. It is not sufficient to bring 
the eye and the thing to be seen in proximity ; an agency called 
light is essential. It cannot be too soon or too clearly compre- 
hended, however, that this light is not a things not matter of any 
kind, but only motion. A ray of gas-light falls upon the objects 
in the room, until now dark, and I am said to see everything in 
it. The simple truth is, that nothing is in the lighted room that 
was not there when it was dark, but that a certain force has been 
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communicated to the objects, which sets them in vibration, and 
that this vibration is communicated to the eye. The nerve within 
the eye is sufficiently delicate, and the mind of man sufficiently 
comprehensive, to give to him ideas as to the size, shape, and 
colour of these objects, the only action outside the eye being mo- 
tion, the action within the eye being the motion of the nerve, 
which motion and its mental result constitute light. 

It cannot be too strongly or too clearly stated that light, soimd, 
and feeling, all exist only in the brain and nerves, and that out- 
side of these there is only motion. 

We speak of inanimate nature being cold and lifeless : morally 
it is so, doubtless, but before we can comprehend Physics we 
must realise that the whole world and every atom of it is in end- 
less and ever-varying motion ; that nothing is absolutely at rest. 
We must measure the world around us not only by our senses 
but also by our imagination. A block of stone, however large 
and solid, must be not only a block of stone, but also an assem- 
blage of atoms of stone, each capable of motion without interfer- 
ence with the character of solidity of the whole. A sheet of glass 
must be also a regularly-arranged number of atoms of glass, each 
capable of motion by itself. The distinctions between solid, 
liquid, and gaseous conditions must be, to our minds, differences 
of degree only : we must regard all bodies whatever not only, or 
even chiefly, as bodies, but as groups of bodies. The eye of our 
imagination must see many things otherwise invisible to us, 
and the ideas in our mind must be shaped more by our reason 
than by our senses. When we hear a sound we must realise that 
a vibrating medium has acted on our ear ; a flash of lightning 
must tell us of gaseous matter in an intense state of vibration. A 
red-hot poker glows, not with heat, but with the rapid to and fro 
movements of its atoms. We see in a gas-flame only particles of 
oxygen and hydrogen moving with a rapidity that is beyond our 
powers of conception. 

There is no fear that this disenchantment will make us realistic 
and cold. We shall find marvels in nature that will more than 
compensate for our loss of those hasty, crude, and grovelling 
ideas that are the first conceptions of ignorance, and we shall 
have a truer notion of our own position in the world, and of the 
dignity and responsibility of that position. 

SEEING. 

If we can once get a clear notion of what " seeing " is, we shall 
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be on the highroad to a comprehension of light and its pheno- 
mena. We say we see a candle-light, a gas-light, a table, a chair, 
a book, &c. But we see a light by virtue of its own power of 
acting on our eyes, while to enable us to see a book or a table we 
require a light in addition. This at once divides all objects called 
visible into two classes — ^those that are self-luminous, and those 
that require to be illuminated. 

A lighted candle is placed on a table. Something, either matter 
or motion, comes from the candle to the eye. Each point of the 
flame gives off a radiant force, and these, being arrayed in the 
form of a flame, act upon the eye to give a notion of a flame to the 
mind. But I not only see the flame ; I also see the table, chairs, 
books, pictures, &c. By what agency ? Precisely the same that 
makes the light itself visible. I stand on one side of the light ; 
on the other is a book and picture. Just as on this side the 
radiant force from the candle falls on my face, so on that it falls 
on the book and picture. From the surfaces of these the force is 
reflected in a second radiation, some of which falls upon my eyes. 
But the points which radiate this force are now arranged in the 
form of a book and a picture, and consequently the ideas called 
forth in my mind are not those of flames, but of a book and a 
picture. It is important to realise the facts that a flame is a 
number of points, not an individual object ; that these points each 
radiate force or energy, either as matter or motion ; and that these 
forces, so radiated, proceed quite independently of each other, and 
are capable of being grouped in innumerable ways so as to present 
an endless variety of figures. In fact, every object in nature must 
be considered not as a whole but as a group. A red-hot poker 
held in the middle of a room before quite dark, will radiate 
light around, because its atoms are vibrating with immense 
rapidity, and so scattering around them a force capable of affect- 
ing the optic nerve. 

A man stands behind me, and I cannot see him. If a looking- 
glass be placed before me, he becomes at once as visible as if he 
were in front, but only if some light be present. Let the light of 
a candle fall on his face ; the radiant force of this sets in motion 
the atoms composing his features, and these radiate force upon 
the surface of the glass ; this in turn is set in vibration and radi- 
ates force to my eyes. But the grouping of the vibrating points 
of the glass is determined by the shape of the face behind me, so 
that the idea in my mind is that, not of a glass, but of a face. It 
might be asked, why does not the glass radiate theiotixvoi & ^^a£Si>) 
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just as the face radiates the form of a face ? The reply is, that 
the glass is smooth and hard, the face is rough and soft ; the glass 
reflects ray for ray, sending out as many as it receives, and pre- 
serving unchanged the grouping, but the face absorbs some and 
reflects some, and this alternation and variety of light and shade 
is what gives us the idea of a human face. 

But whether I look straight at the man, or whether I look at 
him in the glass, I see him by precisely the same means — the 
radiation from his features of the light falling on them. If there 
be no glass in front of me, the light from the face behind is still 
radiated, but it falls, perchance, upon a wall, a book, or a picture, 
and this partly absorbs and partly reflects the light, grouping its 
particles anew, so that the varieties of light and shade no longer 
suggest a face to my mind. 

If I have the glass before me, the man behind, and a candle 
(otherwise invisible to me) shining on his face, I see his features 
in the glass ; but if he hold another glass before his face, I see in 
the mirror before me, not his features, but an image of the candle. 
The grouping of the vibrating points is preserved, reflected from 
mirror to mirror, and to my eyes. 

Seeing^ therefore, is the effect of a radiant force called light 
falling upon the eye. A vast number of these rays can enter the 
eye at the same time, each calling forth an idea in the mind. The 
number and grouping of these rays that reach the eye depend 
upon the objects before it. But for the existence of the rays a 
luminous body is necessary. By a luminous body I mean a body 
in a state of intense vibration. If this vibration depend upon a 
force within the vibrating body, then it is self-luminous, as a gas 
or candle flame. 

HEABING. 

What I have said of the eye may be repeated of the ear, chang- 
ing light for sound. The ear is acted upon by the motion of the 
air in contact with it. But for this motion we require a source of 
motion. The radiant force that affects the eye is too delicate to 
act on the ear, and the force that affects the ear is far too gross 
and rough to act on the eye. But excepting in the degree of in- 
tensity, the apparatus and action are very similar. 

FEELING. 

It is by this sense that we are cognisant of heat, and if we su1> 
stitute heat for light, the nerves of feeling for the nerve of sight, 
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we migbl; repeat what we hare said of seeing. We feel heat only 
bj the vibratioa of the objects in contact with one body. I put 
my band in hot water and I am conacions of what I call heat — {.«., 
the Tibiation of the paiticlea of the water. I take up a enowball, 
and I am consciona of what I call cold — i. e., the beat or vibration 
before existing in the particles of tny band is reduced in amonnt 
hj the parting with some of it to the snow. I do not really feel 
either the water or the enow ; what I do feel is the increase or de- 
crease of vibration in the particles of my hand. 



I take a tnning-fork and set it in Tibralion : it moves to and 
fro, each time displacing the air by propelling it right or left. 




Flg.1. Flg,S. 

This propelling force continues antil it reaches my ear, and then 
it becomes sound. Thus, fig. 1, the fork A sends one vibmtion 
towards B and another to C. 

A stone falls, or is thrown into water, and sinks ; the displaced 
water risee around it, and moves the air; this motion is continued 
indefinitely, and if it reach my ear becomes sound. 

A small quantity of gunpowder is ignited ; the gases produced 
require very much more room than the constituents of the powder j 
theairisdriTenback6oastoleaveaaphere[l), fig. 2, which these 
gases fill ; thifl driving force is communicated from (1) to (2), and 
from (3) to (3), through tbe air in all directions for an indefinite 
apace ; if it corae in contact with my ear it becoraes sound. 

In all these examples of sound, we have motion as the beginning 
and end ; and we may say that sound is derived &om motion. 
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HEAT. 

I rub any two bodies together, and they feel warm. I am con- 
scious of this, not by the eye or ear specially, but by the sense of 
feeling which is distributed over my whole body. I light a fire, 
and l^m the combustion of the coal I derive the sense of heat. 
I stand in the sun, and I feel warm. 

In all these there is motion ; the sun and the fire communicate 
a motion to the air, and I receive this from the air. Or it may be 
a solid instead of a gas that communicates the heat ; or even a 
liquid. K I have a kettle of boiling water, I am conscious of heat 
whether I place my hand in contact with the solid metal of the 
kettle, the liquid water within it, or the gaseous steam rising from 
it All are in motion. 

If C be a heated ball placed on a metal anvil B (fig. 3), and a 
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vessel of water A be placed above it, the heat passes downward 
through the solid, upwards through the liquid, and sideways 
through the surrounding air. That is, the solid, the liquid, and 
the air will all be set in motion ; not motion as a whole^ but each 
particle wiU move to and fro in vibration. 

LIGHT. 

I bum a candle, and so produce light. I stand in the sun, and it 
gives me light. I set in action a voltaic battery and connect with 
it two pieces of carbon, slightly separated, and again I produce light 
(fig. 4). This I can do still more brilliantly by increasing the strength 
of my battery, and so getting the brilliant light of an electric lamp. 

In all these there is motion. The carbon of the candle is being 
converted from a solid to a gas, and this is accompanied by in- 
tense vibration. The sun radiates force to us, both as heat and 
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light. In llie case of the electric light, pieces of the cubon an 




bmng vaporiaed, and pass &om one side of the spark to the other. 
Light, therefore, is alwaj^a associated with motion. 

BLECTBIOm, 

I turn the handle of an electrical machine, fig 7, and die plate 
becomes thereby excited, poeseasing a force which before 
it had not Small pieces of paper, feathers, threads, 
are drawn to and adhere to it for a time. Here is evi- 
dently a f«rce capable of prodncing motion. This force 
may be conrejed for an indefinite distance by wires, ! 
or other good conductors. If I bring near the conductor, . 
a Leyden jar, thia force is communicated to the jar in ' 
the form of sparks. If I place a wire in the conductor, 

or otherwise make a point on its anrfaoe, the number I 

of sparks is increased, and their intensity diminished, rig. a. 
until the discharge assumes the appearance of a j^w, aa infi^ g. 
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How are we conscious of this force being present ? Only by 




Fig. 8. 

the impression made on our senses. We see the bits of paper 

and threads move to the plate ; 
we see the sparks and the glow, 
and from this we infer the pre- 
sence of the force. If I touch 
the excited conductor, I fed a 
shock : here I am conscious of 
the presence of the force by 
means of my sense of touch : 
the sparks are not only visible, 
but also audible ; here my sense 
of hearing comes into use. 

But except by means of my 
senses, I am in no way cognisant 
of the existence of the force, 
^** *• which is comprehensible by me 

only through the matiom, it causes. 
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tutre at conunana a loice 

il 



I put together a plate of liac c, a rod of carbon a, and some diluted 
acid; I get a galvanic current. Here I tutre at command a force 
capable of producing heat, light, and 
Bound, of decomposing chemical com- 
pounds, of moving Bmall magnets. All ^ 
these efiecta are phases of motion. 

This force can be conveyed from o 
place to another by means of conductors, I 
as is done by the telegraph w' ~ 

the action upon these wires i 
preciable by hh, except the motion be ^^' '"■ 

within the limita of which our BenaeB can take cognisance. That 
is, it must take the form of light or heat, oi must move some 
object as a irhole. This is reallj a tniisin, but most of the state- 
ments of physics are truisms, though our technical language pre- 
vents our being conscious of this. A boy's magnet moves a 
Bleel pen, and we see the motion, because it is on a scale of mag- 
nitude which brings it within out powers of sight. A poker is 
made red hot, and this we see also, because though the motion of 
tiie vibrating particles is infiniteaimally small, yet its rapidity is 
enormously great So that our poweta of perception require that 
tiie motion shall be either through a considerable space, propor- 
tionately to the size of the atoms moved, or else performed with 
immenae velocity and repeated an enormoos number of times. 



lUaKBTIBM. 

A sixpenny magnet, to be bot^ht at any toy-shop, will attract 
email iron or steel bodies. A larger magnet has greater attractive 
force. An ordinary piece of steel may be made into a magnet by 
being stroked several times with another magnet A piece of soft 
iron may be magnetised by putting it near a steel magnet, or by 
eraTounding it l^ a wire through which an electric current is 
passing. In all these cases there is motion, but we are not con- 
Bcions of it ; nor can we become so except the motion be of a 
magnitude or a rapidity that ia within the limits of our percep- 
tive powers. 

In the magnetisation of a steel bar the atoms move until they 
are oil arranged in a definite direction. But this movement is 
too small for us to observe. If the magnet move as a whole we 
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are conscious of its motion, as we are also of the motion of any 
attracted object. 

This is the reason why we can see solids or liquids, but not 
gases. A lump of ice, and the water into which it may be con- 
verted, are alike visible ; but the same ice or water converted 
into steam becomes invisible, not that the steam is any less real 
than the water or ice, but because its atoms are too small for our 
perception. 

"Science" has a technical sound; it suggests ideas of thermo- 
meters, air-pumps, and diagrams ; and it would be well to some- 
times translate it into its plain English, knowledge. The science 
of physics means our knowledge of it. Every one has some 
knowledge of the subject, if it be only that coal bums and water 
freezes. 

It will be useful to bear in mind that the science of physics 
does not mean a perfect comprehension of the laws of nature, 
but only our knowledge of them, however imperfect that may be. 
When we speak of a science being " in its infancy," or of " the 
present state of science," this language is intelligible at once if 
^* knowledge*^ be substituted for science. Of course, the truths 
and laws of any branch of study, whatever it may be, are the 
same, and have always been the same, whatever be our knowledge, 
or want of knowledge, of the subject. 

The one idea that I have tried to call up is this — that our 
knowledge of what passes in the external world is limited by our 
powers of perception, depending entirely upon our senses, espe- 
cially the senses of seeing, feeling, and hearing, and pre-eminently 
on our powers of vision. Science is really not what is, but our 
knowledge of what is. 

A piece of lead placed in a ladle over a good fire will speedily 
melt — that is, will change the solid for the liquid form. It will 
still be lead as completely as before ; will weigh the same, will 
have all the properties of lead; the only change being in the 
inter-relation of its constituent parts. These, instead of being 
firmly fixed in a mass, so that no one could be moved imless all 
were moved, are now free to move amongst themselves, and any 
portion of the whole may be taken away without the remainder 
being in the least disturbed. 

So, in like manner, a lump of ice, placed near a fire, will be- 
come first water in its liquid form, and then steam. But its 
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chemical constitution will remain unchanged ; it will weigh the 
same ; it will still be water, whether its state be liquid, as in 
ordinary water, crystallised, as in ice, or vapour, as in steam. 

Figs. 11, 12, and 13, show three instru- » ^ ^ 

ments by which these fixed degrees of 
temperature — that of freezing water and 
that of boiling water — are utilised, to en- 
able us to measure other degrees of tern- 8o. . 
perature by comparison. The thermo- 
metric scales here shown are described at 80'. . 
page 66. 

The fire has, we should say, melted the ^\ ^ 
lead or the ice — ^meaning that the change 
from the solid to the liquid, and from the 
liquid to the vapour condition, had been 
brought about by the influence of the 
fire. But there has been no contact be- 
tween the two ; no portion of the material 
of the fire has entered into the solid body 
in order to melt it ; no chemical change 
is caused by the action of the fire. Still p. ' ^^ pig 12 Fig. is. 
the body exposed to the fire becomes 

warm by means of the heat received from the fire. The action 
and the result is as if the fire emitted some agent (of such ethereal 
nature as to be capable of penetrating the most dense substances) 
that, entering into the lead and the ice, forces their constituent 
particles asunder, so that they become individual bodies, each 
acted upon independently by gravitation. This is really the 
nature of the change from the solid to the liquid condition. A 
lump of stone placed in any vessel will preserve its own shape, 
whatever may be that of the vessel; but if the same stone be 
ground to sand, and these sands poured into any vessel, as a basin, 
they will be grouped together so as to take, collectively, the form 
of the vessel So also a lump of ice would stand in a basin, but 
as it melted into drops of water these would take the form of the 
basin even more readily than the sand-grains, because of the 
greater smoothness of their surfaces. The finer the grains of sand, 
the more readily would they be impressed with the form of the 
containing vessel, and, so far, the more nearly would they approach 
the condition of a fluid. 

The melted lead would occupy more room than it did when 
solid ; the steam would occupy very much more room than the 
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water which produced it ; and generally, as bodies of any kind 
become heated, they expand and increase in size. It would seem 
as if the ethereal agent emitted by the fire entered between the 
particles of any substance exposed to it and pushed them apart. 
In the first stage of this expansion, the repulsion effected by the 
heat is not sufficient to overcome the cohesion of the particles ; 
and the body, though increased in size, is still solid. This stage 
continues until the repulsion, owing to increased heat, just equals 
the cohesion of the particles. This is the limit between the 
solid and liquid conditions. The least increase of heat induces 
the second stage, in which the repulsion is stronger than the 
cohesion, and the body becomes liquid. 

If more heat be added, the liquid may eventually be rendered 
aeriform — i,e*, the repulsive force will become so powerful as to 
break up the cohesion of the particles of the drops of liquid, and 
these will be driven asunder. In this, the third stage, tht body 
will become invisible, by reason of its constituent particles being 
individually too small for perception by the human eye. The 
steam made from any given quantity of water will weigh exactly 
the same as the water. A pound of ice will make neither more 
nor less than a pound of water, and may be converted into steam 
that will still weigh exactly a pound. So that the expansion and 
contraction caused by the addition or subtraction of heat must be 
regarded as only an increase or decrease of volume or size, not of 
quantity. If heated, a given body will expand and occupy more 
room, but will not have any addition of materiaL Conversely, if 
cooled, it will shrink into a smaller space, without losing any 
portion of its substance. 

Snow swept from the top of a house to the edge of the roof 
would fall into the street. If it were melted the water would 
fall, the same as the snow ; if it were boiled, the steam so pro- 
duced would, instead of falling, rise into the air — that is, the 
same matter which under one set of circumstances falls, wiU, 
under others, rise. Thus, a cork will fall in air, but will rise 
in water. But the snow, the water, the steam, and the cork, all 
have weight, and the cork only rises in the water, because the 
water, being heavier, forces its way beneath it, and so pushes 
it up. 

When we say that the cork, ice, and water all have weight, we 
mean that when free from all other constraint they will fall to the 
ground — that some power (apparently in the earth itself) draws 
them all towards the centre of the earth. What this power is, no 
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one knows ; and the name Gravitation given to it is only the 
expression of the observed effects, not of their cause. 

A cork, a piece of lead, and a feather, if let fall in a space en- 
tirely vacant — i.e., an absolute vacuum, such as in a large jar from 
which all the air has been pumped — ^will all fall to the bottom 
with equal rapidity. The feather will fall ** dead '* to the ground, 
instead of floating about, just as the cork or the lead. But if we 
put two things, such as cork and water, in the same vessel, the 
water will fall to the bottom, and, being liquid, will take the 
form of the vessel and occupy all the lower part of it, driving up 
the cork. It would be wrong to say that the cork rises through 
water (as it would seem to do if water be poured into a vessel in 
which a cork is placed) ; the cork passively resists the force of the 
water, and is driven up by it. 

If a piece of lead and a piece of cork be set free in a tub of 
water, the lead wiU sink to the bottom and the cork rise w the 
top. Why ? Because the lead is heavier than the water, and the 
cork lighter. But what is "heavier" and "lighter"? We say 
that lead sinks in water because it is heavier than water — ^that is, 
any given bulk of lead (say a cubic inch) weighs more than an 
equal bulk of water, and any given bulk of cork is lighter than 
an equal bulk of water. But "heavier" and "lighter" are here 
used as names for effects rather than for causes. If we take a 
piece of lead, and another of cork, equal in size, and weigh them 
against each other, the lead will weigh down the cork — that is, 
the attraction of the earth for the lead being greater than its at- 
traction for the cork, the lead will be drawn down and the cork 
consequently drawn up. 

But why has the earth greater attraction for lead than for cork? 
It cannot be imagined that this depends on the nature of the ma- 
terial, as if it were a case of chemical attraction. But if we con- 
sider that the attractive force of the earth is a mechanical force, 
it may be supposed that it is exerted alike on all matter ; and 
that every atom of matter, of whatever kind, is pulled towards 
the earth with equal force. If in lead the atoms be compressed 
more closely together than in cork, then any given piece of lead 
will be drawn with more force than a piece of cork of equal size, 
because there will be more lead than cork to be drawn down. 

Thus, if we take equal bulks of water and iron we shall find 
that the weight of the iron is nearly three times that of the water. 
This is because the atoms of the iron are more closely packed to- 
gether than those of the water. Thus, if there be a hundred atoms 
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of water in a given bulk, there will be in an equal bulk of iron 
three hundred atoms ; and since we suppose the earth's attraction 
to act with equal force on each atom of matter, the weight of the 
water will be only one-third of that of the iron — t.c., the force 
which the earth will exert on the iron will be to that which it 
exerts on the water as 300 to 100, or 3 to 1. 

Even the most solid substance must be considered to be made up 
of atoms of matter, not in absolute contact, but kept together by 
mutual attraction. Just as the earth attracts a stone, so every 
particle of matter must be considered to attract every other par- 
ticle. A substance is said to be solid when all its particles are so 
held together by attraction as to require some force to separate 
them. But it must not be supposed that these atoms are in ab- 
solute contact in any substance, whether solid, liquid, or gaseous. 
For example : If a vessel be partly filled with water, and then 
filled completely by spirits of wine, it will be found, on mixing 
the liquids well together, that they occupy less space together 
than separate. This could not be the case if their ultimate particles 
were in actual contact. So also in the case of metals ; by means 
of hammering, their constituent atoms may be compressed into a 
smaller space, which could not be done unless there be some space 
vacant between the atoms of which they are composed. 

In considering the phenomena of our ordinary experience, we 
must remember, and allow for, the important effect of the atmo- 
sphere. If we look at fish swimming in 
A. / a glass globe, we should allow for the 
/rf effect of the water upon the sight ; and 
the effect of the air in which we move 
about is at least as important Fig. 14 
shows how a ray of light, A o, has its 
direction changed when passing through 
water, to o o', and afterwards, when 
passing again to air, reverts to a direc- 
tion </ B, parallel to A A'. By it are 
affected all rays of light passing through 
it, the weight of all bodies, and the 
intensity of all sounds. 
This example will enable us to realise 
^ somewhat the way in which almost every 

thing is affected, in some way or other, 
by the pressure of the invisible yet ever-present atmosphere in 
which we live, and which is necessary to our life. 
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ACOUSTICS. 

SOUND. 



(1.) Introduction. — ^A bell rung under water has been heard 
nine miles distant ; a whisper can be heard through a small tube 
at the distance of half a mile or more. 

A sound heard at a considerable distance is seldom heard 
singly. Thus a bell rung at one end of a long tube gives a 
double sound, as does the report of a gun, or a blow with a 
heavy hammer. 

Here are two facts: One, that sounds can be heard at con- 
siderable distances through tubes ; another, that sounds so heard 
at a distance are usually double. 

What is a sound ? We say that we hear with our ears ; but 
what is hearing '/ What do we hear ? How do we hear it ? 

Just as we can see only when light comes in actual contact 
with our eyes, so we can hear only when the air, whose vibration 
causes what we call a sound, is in actual contact with our ears. 
A bell is rung — i. «., its clapper is set in motion and strikes the 
side of the belL This vibrates and sets the air in motion ; this 
motion is communicated from one particle of air to the next, and 
so on until some particle strikes upon the tympanum, or drum, of 
the ear, and so produces in the brain the sensation of a sound. 

When a eun IS fired, the great expansion of the gases generated 
by the combustion of the powder drives away the air, which im- 
mediatelv recovers its equilibrium and re-enters the barrel of the 
gun. This vibration of the air is communicated to the surroimd- 
ing particles on all sides, and thus the sound is conveyed to the 
ear. 

Sound, then, is simply an impression conveyed to the brain by 
the action of vibrating air on the ear, just as sight is an impres- 
sion conveyed to the brain by the action of light on the eye. 
There are, however, important differences between the two. Light 
acts across a vacuum — sound cannot ; light travels with almost 
inconceivable rapidity — sound, in comparison, but slowly. 

Sound is conveyed by any medium — solid, liquid, or gaseous ; 

B 
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and by solids better than by either liquids or gases. This will 
explain the double sound just mentioned. Thus, if a long bar of 
iron be struck at one end loudly with a hammer, a person at the 
other extremity will hear two sounds — one carried to his ear by 
the vibration of the air, and the other carried by the vibration of 
the iron. Soimd will pass along a solid iron bar, or the iron of a 
pipe, just as water womd pass through the pipe. So also, when a 
gun is fired, the sound is heard twice by a person some distance 
off ; being carried by the air, and also by the vapour contained 
in the air. 

But even if the iron and the air, the air and the water, each 
carries its own sound, need there be two sounds ? Will they not 
be heard together so as to make but one ? No : for their rates of 
travel differ, and so the ear gets first one message and then the 
second. I have just mentioned that light travels rapidly, and 
sound, in comparison, but slowly. This is why we see the light- 
ning before we hear the thunder, since the lignt takes so short a 
time in comparison with the sound to reach us. Whatever be 
the distance of the storm, we see the lightning-flash almost at the 
very instant, but the sound of the thunder will take some time 
to reach us : and we may, by measuring the time between the 
flash and the roll, tell how far away is the storm ; for sound 
travels at the rate of 1100 feet every second, so that if we hear 
the thunder five seconds after we see the lightning, the sound has 
travelled five times 1100 feet. But light travels nearly 200,000 
miles per second, so that however far away the storm, the distance 
causes no delay in our seeing the flash. Just in the same way, 
but at much smaller intervals, we hear the same sound twice — first 
by one medium, then by another. There is an exact parallel to 
this in the case of light It is easy to see the same object double 
— L €., to get two rays of light coming from it and reaching the 
eye, but in different directions ; so it is possible to hear the same 
sound twice, if there be two mediums of vibration, in which the 
sound travels at different rates. In air, sound travels 1100 feet 
per second ; in water, 4.900 feet ; in iron, 17,000 feet. 

Light and heat may be reflected — i. e., have their direction 
changed. So may sound, but not in such small compass. Once, 
in walking through a long arched passage, near one end of which 
an itinerant band was playing, I heard the sound of the music 
twice in almost equal power — once when passing the players, 
again when near the opposite end of the passage. Just at that 
spot the sound was almost as audible as close to the men, though 
between it was scarcely distinguishable. 

This will explain what is called echo. A person looking at a 
light on a table, in a room having a mirror on the wall, might see 
two lights ; or rather, see the same light twice— once in its place 
on the table, and again in the mirror, and apparently behind it. 
So with an echo : a sound striking against a large smooth surface 
is reflected and may be heard twice ; once directly through the 
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air, and again through the vibration reflected from the surface, as 
from a rock or walL 

Sounds may be so shrill as to be inaudible ; our ears being only 
capable of ta^in^ cognisance of vibration between certain limits 
of rapidity and slowness. In distinguishing between sounds, we 
speak of meir pitch, their quality, their loudness. All sounds 
arise from vibration of the air. The more rapid this vibration, 
the higher the pitch ; the greater the quantity of air set in 
motion, the louder the sound : the quality depends on the nature 
and form of the body set in motion. 

If I take a piece of ordinary string and shake it loosely in the 
air, I get no sound ; but if I put my foot on one end, and hold- 
ing the other in one hand, stretching the string tightly, I strike 
it with my finger or a penholder, I get a buzzing noise from its 
vibrations. If I shorten the tightened part, by holding only a 
portion of it stretched, I get a sharper noise, and this sharpness, 
or shrillness, increases as I shorten the string. If I fasten a ball 
to the end of the string and swing it slowly round, I hear nothing ; 
but as I increase the speed of the revolutions I also increase the 
sound, and it gradually becomes audible. 

By shortening the string, or by increasing the speed, I increase 
the nimiber of vibrations in any given time, and tluB increases 
the sharpness, or pitch, of the sound. 

(2.) Sources of Sound. — Just as the eye is the onljr organ of 
sight, and the palate the only organ of taste, so the ear is the only 
organ of sound — i. e,, the only means by which we can become 
cognisant of it. This perception arises from the air in the imme- 
diate vicinity of the ear being disturbed so as to impinge upon 
the tympanum — i, e., a membrane that closes the orifice of the ear, 
separating the air without from the air within. This tympanum 
(tne action of which is exactly that of a drum-head) being struck, 
the air enclosed is set in corresponding motion, and the auditory 
nerve, being acted on by this motion, conveys to the brain the 
idea of sound. If this be done but once, the result is simply a 
sound; if it be continued irregularly and confusedly, the result is 
noise; if it be continuous at regular intervals, the result is a musi- 
cal note. 

Since sound thus depends upon the motion of air in the nei^- 
bourhood of the ear, anything which so sets the air in motion is a 
source of sound. Thus I strike the table with my hand, knock 
two books together, ring a bell, break a window — in fact, move 
any object rapidly and continuouslv — and I so set the air in motion. 
But the sound may be too low to oe audible ; not that it is not a 
sound, but that our organ of hearing is too imperfect to give us 
the perception of all sounds. Some are too low and some too 
high for our perceptive powers. 

(3.) Iiimits of Sound. — It has been proved by experiment 
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that the vibrations of the air upon the ear must be at least at the 
rate of sixteen per second for the production of a continuous 
sound — i. €,<, the impression does not last more than ^^ of a second. 
On the other hand, the vibrations may succeed each other so 
rapidly that no sound is perceptible. Theoretically there is no 
limit to the gamut of sounds, but our sense of hearing is capable 
only of appreciating the middle of the scale, some sounds being 
too low and others too high for our perception. 

A precise parallel exists in the case of light. A ray of re- 
fracted light produces a spectrum, only the middle portion of 
which is visible to our eyes. 

(4.) Form of Soimd-'Waves. — Just as a lighted candle in the 
centre of a room radiates light to every part of the room, so a 
sound produced at the same point would be audible at eveiy posi- 
tion wnich a person would take. It is common to speak oi light, 
heat, and sound as travelling in straight lines, but it would be, I 
think, more theoretically true to describe the motion as spherical, 
the source of the light, heat, or sound being always at the centre 
of the sphere. Just as an onion is covered by several concentric 
coats, so we may imagine a lighted candle or a source of sound to 
be surrounded on all sides by concentric shells of air. We need 
not ima^iQe these shells to be in any sense distinct or divided 
from each other except by the effect of the vibration during its 
existence. Each shell will be, of course, greater than any one 
within, and less than any one without it ; and from this it follows 
that the sound will become feebler and feebler because of the 
greater amount of air to be set in vibration. 

Let a small collodion balloon be exploded at a given point. 
The ** explosion ** means that by the action of light upon the 
contents of the balloon a chemical change takes place, and that 
the new substance requires more room than the old one did. In 
consequence, the air is forced back on all sides to make room for 
it. The extent of this compression depends upon the active force 
remaining after some portion of it has been counteracted by the 
resistance of the air. Suppose the globular space marked (1) — fig. 
17 — ^to be occupied by the contents of the balloon after the explo- 
sion, then the radius of this sphere (the sphere being represented 
in the diagram by a circle) will be the measure of the intensity 
of the produced sound and of the amplitude of the sound-wave. 

The air that did occupy this space will be driven into the sur- 
rounding space (2), and in like manner will produce a compres- 
sion there, and a consequent action upon the space (3). In this 
way each shell of air will be compressed by the intrusion of the 
air from within it, and will by its resistance drive back the inner 
shell of air, while it is itself driven into the space of the shell 
without, to be again driven back into its original position. 

In this way there is a constant series of waves of condensation 
and expansion, the length of the waves being governed entirely 
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by the original force, and the intensity of the sound (generally 
called "loudness") depending likewiw upon the same cause. 
It is sometimes «aid that 
the intensity of the sound 
depends upon the amount 
of this compression, but it 
might bi! more correct to say 
that the amount of compres- 
sion and the intensity of , 
souudarebothiesultaof the / 
same cause, the force with 
which the compression is 

Thus, this alternate com- 
pression and expansion con- 
tinues through the air (the 
thickness of the shells, t. e., 
lengths of the waves, con- 
tinuing the same, according 
to some theories), until its 
further progress is stopped by som 
flat surface the Bound is reflected — 
lets will be filled up, just as the wai 
and inlets of a coast. 

Supposing such a sphere of vibration to come in contact with 
mr head, my ear is to it just as an inlet on the coast to the sea. 
The spherical contour is broken, and the vibrating air, entering 
the ear, impinges upon the tympanum. Supposing a number of 
pereons to be arranged so as to form a sphere, or any portion of a 
sphere (at the centre of which the source of the sound is placed), 
they will all hear the same sound at the same instant, with the 
same intensity, supposing all the organs of hearing to be equally 
sensitive. This must necessarily be the case, since the same sheU 
of vibrating air strikes upon all the ears. 

But if two persons are at different distances from the source of 
the sound, neither the times nor the intensities of the sound will 
coincide. The more distant auditor will have to wait until the 
vibration reaches the sphere of air in which his ear is situate, and 
since this sphere is larcer than the sphere in which the nearer 
person is, the sound will be weaker— i. e., the vibration will be 
weaker. In the chapter on Badiation I have discussed the ques- 
tion, whether these spherical shells of air are really all of the 
same thickness, as is usually described to be the case. 

(5.) tatenaitj ot Sound. — This depends entirely upon the 
force with which the sound-wave impinges upon the ear, and 
this depends entirely upon the original lorce which caused the 
sound-wave. The greater this force, the greater the radius of the 
first, and of every succeeding, sphere of air set in motion. 
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Thus the greater tte force resulting from the explosion of the 
balloon, the greater would be the space (1), and each succeed- 
ing space (2), (3), (4), &c. 
The greater also the velo- 
city with which the particles 
would move ' to and tro- 
So that the greater the ini- 
tial force, the greater the 
distance through which each 
particle movee, and the 
greater the Telocity with 
which it moves. 

The force with which a 
weight falls depends on the 
distance through which it 
has moved, and its velocity. 
A ball striking the wall de- 
pends for its force on its 
distance and its Velocity, 
"* '"■ And generally any moving 

body strikes another body, with which it may come in contact, 
with a force proportionate to its distance and velocity. 

But while in the case of a falling body the force becomes greater 
with the distance through which it moves, it is the reverse with 
a body whose motion (lependB, not upon gravitation, bnt only 
upon an initial force imparted at starting. In this latter case iJie 
greater the distance the less the remaining force. 

So that we have to consider three things in estimating the in- 
tensity of sound — u €., the force with whiwi it falls upon the ear : 
(1.) The amplitude of the sound-wave — i. e., the distance each 
particle moves ; 

(2.) The velocity with which the particles move ; 
(3.) The digtance which the sound has travelled. 
This last is quite distinct from the motion of each particle, and 
depends entirely upon the distance bttween the origin of sound 
and the ear. Thus, if I put a watch first close to my ear, and 
then on a table at the other end of the room, the distances are 
very different, but the amplitude of the sound-wave and the velo- 
eity of each particle of air, in moving to and fro, are the same — 
i. e., the watch does the same work in either case. 

R-actically, the intensity of a sound is the force with which the 
ear is struck by the particles of air in contact with it. If the ear 
were at the limit of the first wave (1), it would be struck with 
greater force than if at the limit of the second wave, and generally 
the greater the distance the less the sound, because of its diffusion. 
The law of diffusion for sonnd, as for light and heat, is inversely 
as the sqiiore of the distance — i. e., at twice any given distance 
a sound is reduced to one-fourth, at three times that distance 
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In the same manner the intensity is increased as the square of 
the increased amplitude or velocity, and these are increased by 
the same cause, the increase of initial force. 

(6.) iN'ature of Sound. — To show that sound is this alternate 
compression and expansion of successive spherical shells of air 
^supposing air to be the medium), and not a continual movement 
forward of any part of it, several illustrations may be given. 
Thus, to show that sound, like heat and light, is a transfer of mo- 
tion and not of matter, it might be enough to point out the many 
parallels in heat, light, and electricity, the exceeding probability 
that sound is a phenomenon of like nature, and the absence of any 
facts to suggest any other theory. 

Watching the tide rising or falling on the coast, it is difficult 
to realise that the waves are but the risings and fallings of the 
water, and not the transfer of some definite quantitv of water 
from far off to the land. But careful notice of floating objects, 
such as pieces of wood, bottles, &c., shows that the water does but 
rise and fall. In the same way the passing of a brisk wind over 
a field of com illustrates the transfer of motion, but not of matter, 
very beautifully and completely. There i^ however, this differ- 
ence, that in the transfer of heat, light, sound, &c., the original 
impulse is given to the first wave only, and transmitted from wave 
to wave, while the wind that passes over a field of com acts 
directly as well as mediately upon each stalk. But it is still 
certain that, however much appearances may suggest the idea of 
an actual transfer of matter across the field, it is but a transfer of 
motion, each part rising and faUing in succession. 

But it would be absurd to urge that sound is probably a vibra- 
tion because heat and light are supposed to be vibrations, and 
that heat is also supposed to be so because sound and light are; 
and, finally, that li^ht is such because sound and heat are prob- 
ably the same. It is necessary either to prove the probabihty, if 
not certainty, in one case at least (when we might be peimitted 
to urge analogy as a reason), or to adduce satisuictory reasons in 
each case separately. 

In the case of sound it may be pointed out that the conditions 
of increased velocity and intensity are such as might be expected 
to obtain if the theory of vibrations were true, but are not such as 
fit a theory of emission. Thus a sound is conveyed more rapidly- 
through water than throueh air, and still more rapidly througn 
iron, which could scarcely oe the case if actual transfer of matter 
were required. Again, the intensity of a sound is increased by 
commencing in a dense atmosphere, which would retard rather 
than increase the force of matter actually in transmission. Also, 
any number of persons at the same distance from any source oi 
sound hear it with equal intensity whatever be their position, 
provided no obstacle intervene. This is what would be expected 
if the sound be considered to be a vibration, but is not explicable 
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upon the assumption that sound is a transfer of actual matter. 
Sounds travel many miles, and the size of a sphere, the radius of 
which is several miles, renders it scarcely possible that particles 
of matter proceeding from a central point could diverge so regu- 
larly as to form a spherical shell so large, or that particles so numer- 
ous could start from one point with such regulmty as to form an 
unbroken shell of constantly-increasing size. 

We know that sound does proceed in all directions from its 
source, and that in the largest theatre or church it has never been 
noticed that any two persons could hear while a third between 
them could not, unless, indeed, some obstacle intervened. 

Then, if it be imagined that sound is actually a transfer of 
matter, the question must occur. What is it that is transferred i 
I ring a bell in the middle of an empty room, so that there are 
present but the bell and the air. Any hypothesis that the blow 
of the hammer upon the bell sent particles of the bell itself flying 
through space is scarcely worth discussion, especially when it is 
considered that the directions of sound seem in all cases to be 
quite independent of the law of gravitation, proceeding in un- 
erringly straight lines in every direction. And it seems almost 
as incredible that the particles of air in immediate contact with 
the bell should be set in motion for an indefinite distance through 
an atmosphere made up of particles exactly like themselves in 
every respect. 

Lastly, there is the fact that any number of particles, however 
great may be the number, is not indefinitely ereat, and cannot fill 
up a constantly-increasing space. Thus a sugnt stroke of a clapper 
upon a bell displaces a certain amount of air. This is made up of 
a certain definite number of atoms of oxygen and of nitrogen. 
Assume these to be set in continuous motion, and not to be im- 
peded in any way by the surrounding atmosphere, they could not 
increase in size, and so must separate from each other, radiating 
from a common centre, in a limited number of straight lines. 
These lines would diverge more and more from each other, so that 
only persons whose ears happened to be in the direction of one or 
other of them would have any perception of sound conveyed to 
them, while those between would be totally unaffected. 

So that if a bell were rung in a large room, having a row of 
men standing ranged around against the wall, only one of every 
eight or ten or twenty, according to the size of the room, would 
hear it ; while if the bell were slowly turned round while being 
struck, the sound would pass to each man in turn. Just as if a 
lantern, having but a few holes in its sides, were turned round and 
round, when the light-rays would pass over each man in succes- 
sion, and each would in succession be first lit up and then in dark- 
ness. 

Therefore it seems very improbable, if not impossible, that sound 
can be either an emission of particles of matter, or a transmission 
of a few particles of air ; while the theory of a transfer of vibration 
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not only accounts for all the facts, but is in accordance with the 
calculations made upon the data that force is indestructible and 
transferable. 

(7.) Beflection of Soimd. — I ring a small bell at a, the 
focus of A, so lightly that its sound may be inaudible at C, 
half way between , \ 

the reflectors; yet /r ^ 

at 6, the focus of />A- 7^ 

the reflector B, at A| ^a C *<C B 





twice the distance 
A C from A, the 
sound may be dis- 
tinctly heard. If 
I place my ear at 
C, it receives only 
the sound - rays 
coming directly '^* 

from the bell at a, and I hear nothing ; but at 6, all the rays fall- 
ing from a upon A, and thence transmitted to B, are collected 
together, so that their united effect is to produce a sound that is 
audible. 

At any point between the two reflectors there are as many rays 
passing as meet at a or b, but they are so far apart that trie ear 
cannot take cognisance of them all at once. There is here a pre- 
cise parallel to the difference between a solid and a gas, that makes 
one visible and the other not so. A small piece of ice is visible to 
me because its atoms are so close together that my eye can see 
them collectively ; but the same ice converted into steam would 
be invisible to me, because its constituent particles, being isolated, 
would not give out light enough to affect my eye with tne sensa- 
tion of sight. 

So with the rays of sound proceeding from A to B, the effect 
of each isolated ray is not sufficient to give to me the sensation 
of sound ; but when they are collected at 6, their combined effect 
is sufficient to produce this effect. If I place a conical reflector, 
such as a smooth glass funnel, with its open end towards A, at 
the point C, so as to collect and converge all these rays, my ear, if 
placed at the small opening of the funnel, will hear the sound of 
the bell just as at 6. All that is required is that the sound-rays 
shall be brought together in sufficient number to affect the audi- 
tory nerve. The further I am from the source of sound, the 
greater is the number of rays that must be collected to make the 
sound audible. 

If I transpose the bell from a to h, and my ear from h to a, the 
result is precisely as before. In each case the sound seems to 
come to me from the mirror, and not from the bell itself. Really 
it does both. It comes from the bell by way, as it were, of the 
two mirrors, but its direction being so completely changed by 
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the two reflections, I have no suggestion as to the real position 
of the bell itself, and no guide as to the direction in which the 
sound has come, except uie converging rays from the second 
reflector. 

(8.) Echo. — An echo is a special case of reflection where sound 
is reflected on a large scale. Thus at Enville, near Stourbridge, 
one of the walls surrounding the gardens of Enville Hall, the seat 
of Lord Stamford, is at one place built in a curve. One day this 
summer, walking at the side of this wall, I suddenly heard, quite 
distinctly, the voices of some friends who were at some distance 
behind, and which had been until that moment quite inaudible. 
The fact was that at that moment we were both similarly situated 
with reference to the wall, so that the sound proceeding from one 
point, after radiation, was re-collected by convergence at the other 
point. 

The curve a 6 of the wall is doubtless that of an ellipse, and 
the points A B are the foci. Any person speaking at A or B 

would be more 
distinctly audible 
at B or A (t. e. at 
the other focus), 
than at any inter- 
mediate point. In 
J the particular case 
S of the wall which 

^'«' 2^- 1 have just men- 

tioned, the existence of the echo would not be suggested except 
it chanced that a person was at one focus and heard a sound 
produced at the other. In the case of persons talking, the 
speakers might be many times at one focus, and no one at the 
other to hear them ; and vice versa, a person might be at either 
focus when no sound was at the other to oe heard. Unless the wall 
were known to be of the required curve (in which case the discovery 
of the foci would be a mere matter of calculation) there would be 
no suspicion of the existence of an echo until chance revealed it. 

(9.) Compound Echoes. — Some echoes are compound — L «., 
any given sound is repeated several times. This requires a more 
complicated relation between the position where the sound is 
procluced and that where the echoes are heard. But this may 
happen in many ways. There may be several elliptical curves 
having the same foci, but in this case the echoes would be almost 
synchronous, for the interval of time between two such echoes 
would be scarcely appreciable. Thus the times required for the 
sound to travel from A to B (fig. 21) along the roads A a B, A 6 B, 
and A c B, would be nearly alike in most cases. Yet if the points 
a, 6, and c, were considerably distant from each other, the echoes 
would be quite distinct ; and if one were near the hearer and 
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Fig. 21. 



another afar off, there would be also a perceptible difference in 
the tone and intensity of the echo. 

But a greater variety 
of tone, distinctness of 
sound, and a gradually- 
increasing sweetness, 
are found where the 
echoes are produced by 
more complex means. 
Fig. 22 represents an 
imaginary case of this 
kind. A and B being 
the positions of the 
person producing and 
the person hearing the 
sounds, the variety of echoes would be caused by the variety of 
routes by which the sound passed from A to B. Thus some of 
the vibrations will be 
reflected direct from 
a to B ; others falling 
near a will be reflect- 
ed to 6, and thence 
focused at B ; others, 
again, reflected from 
A to a, from a to b, 
and from 6 to c, will 
be also brought to a 
focus at B. This sub- 
division may be ima- 
gined to be carried 
to any extent. It 
might be replied that 
it is almost impos- 
sible that two points could be so related as A and B are here sup- 
posed to be. But however true this may be, there are compound 
echoes. One at "Woodstock Park repeats from seventeen to twenty 
times. One at Killamey repeats the same sound many times, witn 
a most pleasing variety of tone. In the Alps are more than one 
such instance. The most favourable condition would seem to be 
that two large and tolerably flat surfaces should be parallel to 
each other ; and this is to be found in most mountainous regions, 
where great clefts or gaps are not unusual. Here a sound falling 
on one side would be reflected and re-reflected an almost endless 
number of times. The complete enclosure afforded by two high 
rocks would prevent the general diffusion of the sound at once ; 
and it is easy to imagine that some of the vibrations will be, in 
most of the reflections, sent to any spot favourably chosen. 

(10.) Befraddon of Sound. — ^We have just seen how, by 




Fig. 22. 
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reflection, we can convey sound from one place to another almost 
at will. We can do the same by another method. If it be re- 
quired to transfer a sound from A to B (fig. 23), we can do so, 
using reflection as a means, by placing two curved reflectors, one 
outside each point A and B, so that these points are the foci of the 
curves of the reflectors. But if, instead of using the reflectors, I 
suspend between (lie points a small balloon filled with some gas 
Jieavier than air, I snail find that the rays of sound falling on 
one side will be converged on the other. 

Thus a small bell rung at A so softly as to be inaudible at B, 
may be heard at that point if a balloon be suspended between the 
two points. One man at A strikes the bell softly ; another at B 
receives no intimation of the sound, because the rays of sound 
divsrge from A, and so few reach B that no sound is there peiv 

ceptible. But when a bal- 
loon of thin material, filled 
with carbonic acid gas (or any 
other heavy gas), is placed 
between, the rays of sound 
are converged — i. e.,bent from 
above downwards, from be- 
p. 23 low upwards, and from right 

and left to the same central 
point. Now if the balloon be so placed that this point shall be at 
B, the rays falling on the balloon from A will be all, or nearly 
all, re-collected at B. In this way sound may be transferred from 
A to B by refraction, just as heat or light may be. 

So that the general laws of reflection and refraction are the 
same for sound as for heat or light. 

The balloon of heavy gas performs for sound exactly the same 
office that a convex lens of glass does for light, or a rock-salt lens 
for heat. In each case the rays (whether of heat, light, or sound) 
fall upon a medium thicker in the middle, and gradually decreas- 
ing in thickness towards the edge, and of greater density than 
the air. In each case this convex body acts as a double prism (or 
as two prisms base to base) on the rays falling on it — that is, it 
refracts them towards the base of the prisms, so that the lines on 
each side, being all refracted towards the same point, ultimately 
meet at that point. 

The form of the refracting medium is the same in all cases, but 
the material is different in each. Kays of light pass through 
glass much more completely than through a balloon of gas or a 
rock-salt prism. Rays of heat pass much more readily and com- 
pletely through a rock-salt lens or prism than through any other 
substance. 

The balloon of carbonic gas refracts the rays of sound because 
the velocity of sound-vibrations through carbonic gas is less than 
through air. But why should it be so ? For precisely the same 
reason that walking through water is more tedious than walking 
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through air, and through mud more so than through water. 
With a given muscular exertion I can walk a given distance — 
say twenty yards — through air. I have at each step to force my 
legs through the air, though the resistance of this air is so slight 
that I am not conscious of it. The same muscular exertion will 
not enable me to walk the same distance through water, because 
the resistance is so much greater ; and a still less distance would 
it take me through mud, or any substance still more dense than 
water. 

Imagine a row of men marching at the same rate across a field, 
and coming to a circular pond of water. Suppose also that each 
man is unable to put forth any extra exertion, but must be re- 
tarded by any difficulty that comes in his way. In this case, the 
man who has to cross the pond at its widest part will be more 
delayed than the others, ana the delay will gradually diminish as 
we pass from this man to the man at the extreme edge who has 
the least water to wade through. 

The passage of soimd-rays through a balloon of carbonic acid 
is precisely analogous to this. The ray that passes directly 
through the centre will be retarded most, and those passing 
through the edges least ; while intermediate rays will be retarded 
more or less, according as they pass nearer to the centre or the 
edge. More force is required to set in vibration any given quan- 
tity of a heavy than the same quantity of a light one ; and as a 
consequence, the same force will set in vibration a greater quan- 
tity ol a light gas than of a heavy one. 

Let A represent a quantity of heavy gas (say carbonic acid), 
which must necessarily be confined in a balloon or covering of 
some kind. A series of rays 
of sound falls in parallel order ^* ^y 
upon it aXab ca e, and each 
is delayed in a degree propor- 
tionate to the distance through 
which it has heavier work to 
do. The sound-ray a can only 
continue its course by setting 
in vibration all the carbonic 
acid in its passage. The same 
must be aone by the other A. Fig. 24. 

rays, h c d e. In each case 
the retardation will be, not the whole amount of force, but the 
amount required to move the given volume of heavy gas over 
the amount required to move the same volume of light gas. 

By the time that the ray d has reached to d\ ana so got fairly 
through, the ray 6 will be about two-thirds, and the ray a about 
half way, through the heavy gas. The ray c will be also about 
two- thirds through, and the ray e will have arrived at c', corre- 
sponding to d\ 

Again^ by the time that h has arrived at 6', the ray d wiU be 
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on its road past d! towards c?^, while the ray a will be still stnig- 
gling, as it were, towards a!. So with the rays c and e. At last, 
when a has finally reached a', h will be at 6", and c at d\ while 
d and e will have passed d" and f!\ 

So that the rays that were not only parallel, but abreast, will 
now form a curve d" a! ef', and this will prevent their con- 
tinuing parallel ; for the action will be the same as if so many 
streams of water were flowing into an empty basin. Wherever 
an empty space occurred between two streams, they would flow 
sideways to fill it up. So the rays 6 and c would each turn aside 
towards a, and for the same reason d and e would likewise be 
converged. 

The action of each ray upon the others would be as though the 
men just spoken of as wading through water were chained to- 
gether. The tendency would oe to draw the extremities of the 
row of men together ; and it must be borne in mind that there 
are really no rays of sound, but a wave, proceeding from some 
point or surface, and gradually broadening in all directions — 
such a wave falling upon a balloon or lens has its widening 
fehecked by the retardation of its central portion, and its ex- 
treme edges are thus brought together until they finally meet at 
some point. 

(11.) Velocity of Sound. — ^The rate at which this motion 
travels varies from many causes — the density of the medium, its 
elasticity, and its temperature as afl*ecting its density and elasti- 
city. But as a convenient approximation, and a number easily 
remembered, the velocity of about 1000 feet per second may be 
taken as the normal rate at the surface of the earth, supposing air 
to be the medium. 

We have seen that sound, travelling through a heavy gas 
such as carbonic acid, moves more slowly than through a lighter 
gas such as ordinary air ; this is because of the greater force 
required to move, or set in vibration, the heavier gas ; or rather, 
because of the smaller quantity of the heavy gas tliat any given 
force can set in motion as compared with the lighter, the times 
being equal. 

The velocity of sound through air at 0** C. has been determined 
as being 1090 feet per second. It may be noticed that (f C. — 
i.e., the zero of the centigrade thermometer, identical with the 
freezing-point of water — ^is chosen as the standard temperature for 
many formulae in all branches of physics. This is from its being 
not only a point in the range of temperature easily understood, 
but also one easily obtained. 

But the simple statement that sound travels through air at 0° C. 
at the rate of 1090 feet per second, declares a fact much more 
easily expressed than underatood ; and it is still more difiicult to 
comprehend fully the method of measurement, and the obstacles 
in the way of an accurate result. 
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(12.) Methods of Estimating the Velocity of Soirnd. — 
Two methods of estimating the velocity of sound have been 
adopted. One, that of actual experiment, without which no 
result could be safely accepted; the other, that of calculation: 
that is, one method is to estimate what it ought to be according 
to the theory of its formation; the other, to estimate what it 
really is according to fact. If these two investigations, pursued 
independently, give results that are corroborative, there is very 
strong ground for the presumption that the truth has been arrived 
at, at least approximately. 

The estimate of the actual velocity of sound by experiment is 
obtained by means of sounds sent along given distances, the times 
of the transit of which are accurately noted. Thus a gun being 
fired at a given spot, an observer stationed at another given spot 
notices the exact interval of time between the instant when the 
flash of light reaches his eye and the instant when the sound 
reaches his ear. Thus two points being taken at the distance of 
exactly a mile apart, a ^un is fired at one of them, or, to insure 
greater accuracy, a gun is placed at either point. The light will 
travel through a mile of space in about 755^.^59 of a second, and 
for all practical purposes, even for these of exact measurements, 
this may be disregarded, and the observer at either point may 
safely calculate that he perceives the flash at the very instant the 
gun is fired. But it would be some five seconds before the sound 
would reach his ear, and these five seconds would be the actual 
velocity of sound. This seems very simple, and very easy of 
execution, but it is exceedingly difficult for any one not actually 
engaged in researches of this kind to imagine the difficulties in 
the way of arriving at an accurate result, me numberless sources 
of error, or the delicacy of the apparatus and minuteness of cal- 
culation required for the investigation. 

Two men, A and B, are stationed a mile apart. A fires a gun, 
and B, noting the flash, measures by his watch the time between 
tiie arrival 01 the flash and the sound at his post. What can be 
simpler? Thejefore the velocity of sound is one mile in five 
seconds, or twelve miles per minute. True, apparently, even to 
demonstration ; but if the same two men were to repeat the ex- 
periment daily for a month, choosing all the conditions so far as 
they could, so that they should be the same, it is more than pro- 
bable that no two of the results would agree in every detail. A 
puff of wind (to say nothing of a breeze), the presence of more or 
less vapour in the air, would be quite enough to alter the result ; 
and these alterations would themselves vary with the force of the 
wind and the amount of vapour. The barometer and thermometer 
would also have to be consulted, and their variations allowed for. 
And when all the meteorological conditions had been taken into 
account and duly verified, and the necessary corrections made, 
there would be the necessity for the verification of the distance 
from A to B — ^the exact measurement of the assumed mile. No 
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one but those who have attempted to measure with extreme 
accuracy any given distance can readily believe the numberless 
difficulties there are in the way of a correct result being arrived at. 

Shall I measure the distance with a tape or string ? If I lay it 
along the ground, the ups and downs of the surface will destroy 
all hope of correct measurement. If I stretch it from one pole to 
another, no way is known of preventing it hanging more or less 
in a festoon. Shall I use a rigid rod of wood or metal ? I may 
this way, by extreme care, measure a mile of surface length, but 
cannot find two points exactly a mile apart. If I attempt, by 
means of a rod, to measure a mile through space a little above the 
surface (so as to escape the errors caused by the irregularity of the 
ground), I soon find the task more hopeless than ever. To mark 
the intermediate points ; to insure measuring in a straight line ; 
to prevent the successive measurements from overlapping or fall- 
ing short, — each of these presents an almost insuperable diffi- 
culty. Add to this the element of incorrectness arising from the 
fact that any change of temperature really alters the length of 
my bar of metal or wood, and the task at once becomes utterly 
hopeless. 

How, then, can we measure a given distance ? Only by refer- 
ence to some fixed standards, such as the sun or stars, and by the 
most elaborate and careful calculation, can we hope to do so 
simple a thing as to measure a mile of ground. It is unnecessary 
to explain this process here ; and I have, I hope, said .enough to 
suggest the difficulty of accurate measurements of any kind, and 
the patience and humility required for the prosecution of any 
natural science. It is this that makes the study of Physics so 
great an element in education ; so useful in forcing upon us the 
knowledge of how feeble are our powers as compared with the 
world of wonders in which we find ourselves ; and also, even 
more strongly, how wonderful are those powers to enable us to 
understand so much. 

(13.) Causes affecting the Velocity of Sound. — ^To return 
to the velocity of sound, I said just now that it was about one 
mile in five seconds under ordinary circumstances — z.6., about 
1100 feet per second. How can this velocity be increased or 
retarded ? To answer this question it is necessary to consider to 
what the velocity of sound is due — what it is that causes the 
transmission of a sound. 

I have tried to explain how a sound is produced by the air 
being driven out of a certain space so as to cause a compres- 
sion on the surrounding air on every side. This compression 
extends to a certain distance, depending upon the force of its 
origin. This is called a sound-wave* The force that compresses 
the air so far is considered to pass on, causing another compression 
of ec[ual extent. This is a second sound-wave. The force still 
continues; causing a third, fourth, and fifth sound-wave ; in fact 
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it continues indefinitely, just as any force does, until it is destroyed 
by some opposing force, either suddenly or gradually. 

It may be asked. Why does the wave end at any given distance ? 
Why not continue for an indefinite distance, only weakening 
gradually? This is just what is the result, practicaUt/, But 
there is the very decided limit of the first wave, at the point wher»i 
the vacuum of air (not an absolute vacuum) ended. The space 
through which the air was driven — the space filled up by the 
expansion or vibration that rendered more room necessarj^ — de- 
termines the length of the wave. 

The velocity of sound is the speed at which these waves are 
generated; and this depends upon two points — the density of the 
medium, and its elasticity. Any increase of density decreases the 
velocity of sound, any increase of elasticity increases it. Soimd 
travels more slowly in a dense than in a rare medium, and more 
quickly in an elastic than in a non-elastic medium. 

Any increase of density generally increases also the elasticity of 
a body. Thus, any body whatever being compressed becomes 
more dense and more elastic ; so that compression decreases velo- 
city by increasing density, and increases it by increasing elasticity. 
But the increase due to increased elasticity does not always eoual 
the decrease due to increased density. In the case of air it aoes 
so; so that in air of any given temperature the velocity of sound is 
always the same, because density and elasticity increase togethei' 
and counteract each other. 

Generally sound travels in liquids more rapidly than in gases, 
and in solids more rapidly than in liquids. This is contrary to 
what would be at first expected, since liquids are more dense than 
gases, and solids more dense than liquids; and this would be 
expected to decrease the velocity of sound, and in fact does so. 
But the elasticity of solids is greater than the elasticity of liquids, 
and that of liquids greater than that of gases, and generally this 
more than counteracts the decrease arising from increased density ; 
so that a sound-wave passing from air to water has its velocity 
increased from 1130 feet per second in air at 20° C. to 4800 feet 
per second in water at the same temperature, and to 4030 feet in 
lead, 8553 feet in silver, and 16,822 in iron — all being at 20" C. 

In passing from water to lead, both being at 20° C, the velocity 
falls from 4800 feet to 4030 feet per second. This is because the 
density is increased more than the elasticity, and lowers the velo- 
city more than the increased elasticity raises it. Lead is remark- 
able for its want of elasticity. 

Notice that I have to specify the temperature. Any increase 
of this increases the velocity by tending to decrease the density, 
but usually also decreases it by decreasing the elasticity. 

Water at 15° C. conveys sound at 4714 feet per second; at 30^ 
C. it conveys it 5013 feet. Here the increase, owing to decreased 
density, is greater than the decrease, owing to decreased elasticity. 

In hydrogen, at 0° C, the velocity of sound is 4164 feet per 
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second, while in oxygen it is only 1040 feet, and in air 1090 feet 
This illustrates clearly how density decreases velocity. Hydrogen 
being the lightest gas allows the greatest velocity. In oxygen, a 
heavy gas, the velocity is less than in air, and in carbonic Anhy- 
dride, a heavier gas, the velocity is only 858 feet per second. In 
gases, increase of density is not compensated by increase of elas- 
ticity in anything like the degree that it is in liquids or solids. 
Hence the velocity varies so much more in acconiance with the 
density. 

In iron at 20° C. the velocity is 16,822 feet per second; in iron 
at 100° C. it is 17,386 feet; and at 200° C. it is only 15,483 per 
second. So that increase of temperature from 20® to 100° in- 
creases the velocity by decreasing the density more than it 
decreases the elasticity, while the increase from 100° to 200° 
decreases the velocity by decreasing the elasticity more than it 
decreases the density. In wood at 20" C. the velocity is 16,677 
feet, at 100" C. it is only 5297 feet, and at 200° C. only 2987 feet. 
Here again the elasticity is decreased more than the density by 
increased temperat ure. 

Another phase of the increase of velocity arising from change 
of temperature is somewhat singular. K C represent any vibrat- 
ing body, such as the prong of a tuning- 
H ,. B ' fork, then A C will represent the air 

W(yW(J66o000' compressed by the movement of C to- 
wards A; and C B will represent the 
air expanded from the same cause. Con- 
sequently the temperature of A C is 
raised by compression, and the tempera- 
ture of C B lowered by expansion. We 
pj 25. have seen that the velocity of sound 

does not vary from any increase or 
decrease of temperature, because the increase or decrease of 
density just balances the increase or decrease of elasticity; so that 
neither the increase of temperature in A C, nor the decrease in 
B C, would be expected to produce any change in the velocity of 
sound. 

But we must distinguish between a change of temperature in 
the whole body of air, and an interchange between two portions 
of the body, tne average temperature remaining the same. The 
space A C is warmed at the expense of B C. This makes no change 
in the average temperature of the whole space A B, being merely 
a transfer from one side of C to the other. 

If the temperature of the whole body of air be raised or low- 
ered, the velocity of sound in it remains the same; but if the 
amount of heat in the air be collected at internals, the result is an 
increase of velocity, both in the condensed portions, such as A C, 
and in the rarefied portions, such as B C. That is, the velocity of 
sound in air is increased by the effects of compression and expan- 
sion arising from the passage of the sound-wave. In the con- 
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densed space A C the density is increased, and also the elasticity, 
by the heat arising from compression. In the expanded space 
B C the density is diminished, and also the elasticity, by the loss 
of heat arising from expansion. But there is also the increased 
elasticity due to the compression, and 

this is not counteracted by any further li^. ■ . J^ , ^ ^^^ ^ n ^ . Jjj ^ ^ 

increase of density. Consequently the biiiaEU| 00000000 0(^6 Ob^ 
velocity of a sound-wave (which ih- I 
creases with any increase of elasticity) 
is increased. 

To sum up these somewhat compli- 
cated facts. The space of air A C is 
compressed. This results in increased ' j-j- ^a. 

elasticity and in increased temperature. 
This increased temperature causes a further increase of elasticity? 
but this is counteracted by increased density, so that the elasti- 
city is increased more than the density, and consequently the 
velocity of sound is increased. 

In the expanded portion of air B C the density is diminished, 
and the elasticity also. But the expansion arising from the re- 
moval of external pressure differs from that arising from increased 
temperature. The one allows the air to diffuse itself, the other 
compels the diffusion. But practically the air does expand, and 
the expansion acts as elasticity in increasing the velocity of sound. 

Finally, the velocity of sound in air is not increased or dimin- 
ished by change of temperature of the air cw a whole — i.e., by the 
addition of heat or the abstraction of it ; but it is increased by the 
change of temperature in the portions of the air as they are com- 
pressed or expanded. 

(14.) Conservation of Force in Sound. — But it may be ob- 
served, this being the case, the air being driven a certain distance 
and no farther, because the force is not sufficient to compress it 
farther, what force is there to carry the vibration farther ? Whence 
the force to cause a second sound-wave ? The usual reply to this 
is to say that the same force that creates the first sound-wave 
creates the second and all succeeding waves — that force never 
ends — that a sound sent up in the air, where it could pass away 
into space, would continue for indefinite time and space. To 
illustrate this it is customary to show that any body m motion 
coming into contact with a body at rest, is brought to rest, or at 
least retarded, while the whole, or at least a part, of its force is 
transferred to the body with which it comes into contact Thus 
a man running round the comer of a street is stopped by coming 
into contact with another man who is standing still. The force 
that he loses is transferred to the second man, who is more or less 
in danger of being thrown down, and has to exert muscular force 
to counteract the impulse he receives. I throw a stone from the 
street at a window. The stone is brought to rest inside the room 
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raucli sooner than it would come to rest if no obstacle was in its 
way. The force which the stone thus loses is the force that breaks 
the window. Two railway trains come into collision ; the force 
that each loses is the force that damages the carriages. 

One illustration frequently given on this point is that of placing 
a row of marbles close together at rest, and shooting another 
marble at the first of the row. The result is, that the marble set 
in motion is brought to rest (unless it proceeds, with diminished 
force, sideways), and that the force it loses passes from marble to 
marble, the last of the row being moved more than any other by 
means of the impetus thus transferred. 

In the same way it is considered that the force which creates 
one sound-wave creates also a second and a third, continuing in- 
definitely until some obstacle comes in its way. It might be 
asked, if the force can create an infinity of sound-waves, one after 
another, why is the first sound-wave limited ? Why is there not 
one vast sound-wave ? Practically this is really what there is ; 
but since it has the same marked characteristics at equal (or very 
nearly equal) distances, it is customary to consider tne intervals 
between each of these as a wave. This gives a convenient means 
of description and measurement that would not otherwise exist. 
. Reverting to the elements of a sound-wave, I will take a con- 
tinuous and regular wave for the purpose of description, since I 
can then the better compare the successive conditions of each part 
of it. 

I take a large tuning-fork and set it in vibration ; it moves to 
and fro within fixed limits, and would continue to do so for an 
indefinite time but for the resistance of the air, which acts in 
opposition to the motion of any object in it. 1 move the prong 
of the fork from A to B. To do this I must use force enough to 
overcome the resistance of the particles of the fork, and also to 
push back the air that occupies tne space through which the fork 

moves. On releasing the fork at B it moves 
back at once to A, but does not stop there. Just 
p as the pendulum of a clock would behave under 
similar circumstances, it passes to 0, as far on 
one side of A as B is on the other. What force 
carries it to B ? I apply force to move it from 
A to B. The elasticity of the metal undoes this 
work, and carries it back from B to A. Why 
should it not rest there? Why continue in 
motion ? Why stop at C ? 

To answer these questions let me take another 

illustration. A weight, say 66 lb., is resting on 

a table that is just strong enough to support it, 

and which would break if another pound were 

*' ' added. I fasten a cord to this weight, and pass 

it over a pulley fastened to the ceiling. Pulling at the cord, I 

raise the weight from the table, say ten feet, and then let it fall 
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by its own weight — t. e., I let the force of gravitation undo my 
work, and replace the weight on the table. But the table is now 
broken. By what force ? Not the weight of 66 lb., for it would 
support that Not by the force of gravitation, for that would only 
replace it on the table — would omy undo the work that I dia. 
It is really the force that I used in raising the weight that breaks 
the table. 

I bend a bow by means of the string fastened to its ends. 
Releasing the string, I allow the bow to resume its former condi- 
tion. But, in addition to this, it will send an arrow to a consider- 
able distance. The force with which it does this is exactly pro- 
portioned to that which 1 expend in bending the bow. 

Upon such facts as these is based the theory that force cannot 
be destroyed ; that, though a vibration, a motion, it is as inde- 
structible as matter. Thus it is considered that a stone once set 
rolling would roll for ever, were it not for the friction of the 
ground and the opposition of the air. In like manner the force 
that generates one sound-wave continues to generate others, until 
its progress is stopped by some obstacle that it has not power to 
overcome. 

But it might be replied to this : Given a stone that twenty 
men could lift ; let the twenty men each put forth the requisite 
force, but individually and successively, not collectively ; the 
stone will not be moved an inch. What becomes of the force ? 
Is it not entirely wasted ? Yes ; wasted, but not destroyed. By 
means of very simple machinery the twenty items of power might 
be so collected and combined as to really move the stone as com- 
pletely as if the whole twenty men were working together ; nay, 
by the same machinery, one man, by doing successively the whole 
twenty shares of work himself, may move the stone just as the 
twenty men could. 

Again, let a bow be bent by the whole strength of one man, 
and the string be then fastened, so as not to allow the bow to 
straighten. If released at the end of an hour, or even a day, it 
will be found to possess still the force originally conferred on it, 
and the arrow will be projected as far, and with the same velocity, 
as at first it would have been. Force may be gradually dissipated, 
or wasted, but does not decay. A handful of com found in the 
coffin of an Egyptian mummy, and sovm, after an interval of 
some thousands of years, germinated and produced other ears of 
com, just as if but a few months old. The vitality of the corn 
might easily have been destroyed, but could not decay. The life 
that a tread might have cmshed endured for centuries in the 
darkness of its stone tomb, testifying that the vitality that has 
power over all things else has none over itself. It may be killed, 
but cannot die. So with force; it may be wasted, but it cannot 
waste : it may be cast to the winds, but it is eternal. 

To revert to the question, Why should the prong of the fork 
continue in vibration? I move it from A to B, and release 
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it. It returns to A, and passes on to C, A C being equal to A B, 
or very nearly so. Just as the bow when released not only 

straightened itself but propelled the arrow; just 
- as the weight, when let fall, not only returned to 
■^ its place, but broke the table that had previously 
sustained it : so the prong of the tuning - fork, 
when released, not only returns to its former 
position, but is bent nearly as far on the other 
side. The force that bent it from A to B, now 
deflects it from A towards C. But its deflection 
is not quite equal to A B, because in moving 
from A towards C, it has to overcome the resist- 
ance of the air through which it moves, so that 
it moves only from A to c, just short of C. 

The distance of c from C is the distance which 
Pi ' 28 requires the force that is spent in moving the air 

^' out of the way in the passage from A to c. 

Force cannot be destroyed, but neither can it do more than its 
own work : it cannot do two things at once. 

But the prong having arrived at c is again brought back to 
A by its elasticity. It is now in its originsd position, so that the 
imposed force has really done nothing. This same force now 
moves it to 6 not quite so far to the right of A as c is to the left, 
and for the same reason as before, that the air has to be removed 
from its path. Again the elasticity straightens the prong ; again 
force bends it. ^ Each time air has to be displaced, each time 
therefore force is used up, each time the deflection is less and less, 
until at last, when the whole of the force has been spent in 
moving the air, and consequently none is left to move the fork, it 
comes to rest 

What becomes of the force about which so much is said ? 
Does it merely " beat the air ?" It does this, and more than this : 
it moves the air each time to make way for the fork, and this 
pulse or motion of the air is called a sound-wave. The same 
force that makes the first wave makes a second, and so on until, 
if the air so in motion come in contact tmth the ear, a sound 
is produced. 

If the fork had been set vibrating in a vacuum, it would have 
remained in motion much longer, but it would have produced no 
sound, for the whole of the force would be effective in moving 
the prong, since there would be no air to move out of the way ; 
consequently there would be no sound-wave, and therefore no 
sound. 

(15.) (feneration of Sound-Waves. — ^The sound-waves thus 
produced by the driving back of the air from any given space are, 
as has been explained, spherical, extending on all sides from the 
origin of the motion. It is, however, very difficult to follow this 
pphere in the mind, and to see it as a whole, yet divided into 
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parts — ue,, to notice especially the movement of any portion of 
it, and yet keep before us the view of the whole. Nor is it neces- 
sary to do this, provided we recollect that there is a sphere of 
motion ever enlarging in size, ever diminishing in rapidity. 

Fixing my mind u^on some one small portion and watching 
its progress, I watch it as it gradually widens out in all direc- 
tions, just as a fan does in one direction only. 

Thus the prong of the tuning-fork moving from A to B pushes 
back the air to B. This causes a pulse of air to be sent in 
the direction A B. Meanwhile the prong moves 
back from B tp A causing a vacuum which is in- 
stantly filled up by the return of the air it had 
previously driven away. This causes a return 
of the air, which is now set in motion towards A 
from B. The prong again moving from A to B 
compresses the air in the direction A B, then again 
returning to A, causes a second return-current 
towards A. In this way a constant ebb and flow 
of vibration is caused by the alternate compres- 
sion and expansion of the air on either side of 
the prong. 

A very clear idea of this action may be ob- 
tained bjr fastening two springs to a small rod, ^' ^ 
and moving it to and fro. Thus A and B are 
two springs fastened, one on either side, to a rod C. When 1 
move C to the right, A is expanded and B compressed ; when I 
move it to the leii, B is expanded and 

of the prong of the tuning-fork. If this 
movement to and iro be done rapidly, 
there will really be two contrary mo- 
tions in the same spring at the same 
time: that is, before the compression 
imparted to one end of the spring has ' pig. so. 

reached the other end, its expansion will 
have commenced ; and again, before this expansion has reached the 
whole length of the spring it will receive another impulse of com- 
pression. 

But the whole of each impulse, whether of compression or of 
expansion, will exert its full power. A puhe, as it were, will pass 
throughout the whole lengtn of the spring, and if the air be 
considered to be represented by the spring, we shall see how a 
compressive force imposed upon one portion will pass through 
the whole body of air untU it comes into contact with some sond 
body. 

If, now, I move the spring once, I send one vibration, and 
one only, through its length, followed by a return-pulse, as the 
air recovers its equal diBtribution. If I pass a whip or a stick 
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swiftly through the air I cause in the same way one vibration to 
pass and return. Notice, however, that each particle of air 
moves but a small distance, and then returns to its first position. 
If I move the prong to and fro, or move a stick or whip to and 
fro rapidly, I produce a continuous series of vibrations, each 
of which passes through the whole body of air in which it 
occurs ; so that the air is constantly in motion, each particle 
vibrating to and fro, but never going far from its original 
position. Thus I suppose a column of air enclosed in a pipe to 

a -bed ^® ®®*' ^ DDLotion in this manner. 

I \ A given particle is at a, and is 



set in motion towards 6, by a 
^" * wave of compression communi- 

cated at A. By the time this particle has reached 6 the wave of 
expansion reaches it, and it immediately returns towards a ; but 
having reached that point, is at once urged again to 6 by a second 
wave of compression, only to be again drawn back to a by a 
second wave of expansion. Each panicle throughout the column 
is thus moved to and fro, h to and fro from 6 to c, c to 
and fro from c to c?, and the pvhe or vibration moves through 
the whole length of the pipe, though each particle of air moves 
but a short distance from its first position, to which it continually 
returns. 

(16.) Perception of Sound. — ^In this way a series of impulses 
is given to each particle of air, so that any solid body at any 
given point receives a continuous series of very slight blows, if 
this body be the drum of a human ear, the result is the percep- 
tion of a continuous sound. This perception is owing to the 
nature of the ear, not that of the vibration. The air falls on the 
ear just as it would upon any other body in its place. The audi- 
tory nerve, which, placed within the ear, receives these impulses, 
conveys the impulse to the brain, and the perception of sound is 
in this way produced. So that, however far may be the distance 
from which a sound proceeds, the one essential condition is that 
there shall be, throughout the whole distance, a vibrating me- 
diuuL Any vacuum oetween the origin of a somid and my ear 
])revents my hearing it. 

(17.) Continnanoe of Sound. — I have spoken of the vibra- 
tion of a tuning-fork as producing upon the ear the effect of 
a continuous sound — i.e,, continuous so long as the vibrations of 
the fork continue. What will be the effect of a single tap upon a 
non- vibrating body ? The fork continues to vibrate because it is 
elastic. If, with the same amount of force, I strike a marble 
mantelpiece, or a table, what is the result ? Not a continu- 
ous, but a single sound. Only one impulse is sent through 
the air, only one sound-wave falls upon the ear, only one instan- 
taneous perception is produced. If I continice the tapping, what 
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is the result ? Neither a single tap nor a vibration, but a series 
ut vibrations, one for each tap. 

What, then, is the difference between the series of taps upon the 
marble, and the series of taps made by the vibrating prong upon 
the air ? Why should one series give a continuous sound and the 
other not ? Simply because of the difference in rapidity. I can- 
not by my hand tap on the table ^dth sufficient rapidity to pro- 
duce sounds so that each shall succeed the preceding one before 
it has died away. But the tuning-fork does this ; and so the con- 
secutive sounds of the vibrations succeed with such rapidity as 
to produce a continuous sound. 

But if I can get a series of tappings to succeed each other with 
greater rapidity I do produce a continuous sound. Thus, if I 
hold the edge of a card or piece of metal against a toothed wheel, 
so that the teeth of the wheel, when rapidly revolving, strike suc- 
cessively against it, I get a continuous sound, because the condi- 
tions are now the same as in the case of the vibrating fork. The 
sounds succeed each other so rapidly that before one has ceased to 
affect my ear the next begins to do so. 

(18) Musical Notes. — If I have two wheels, each having 
the same number of teeth, and revolving with equal speed, but 
one having the teeth at 
equ£d distances, and the 
other having them at im- 
equal distances, this dif- 
ference in the arrange- 
ment of the teeth will 
cause a marked differ- 
ence between the sounds 
produced when a card or p. ^^ 

slip of wood is held to '^' 

the teeth. The regularly-arranged teeth will, by their impact, 
produce a vibration that will neither rise nor fall in pitch, and 
will have that regular and pleasant sound which we describe by 
the term "musical" It will be found, upon further consider- 
ation, that this continuity and regularity are the essentials of a 
musical note. The difference between one such note and an- 
other depends upon the number of sounds, or vibrations, in a given 
time. 

It is therefore only in the regularity of its sound-waves that a 
musical differs from a non-musical note ; it is this regularity that 
makes it musical. Such a note depends for its pitch, its intensity, 
its duration, upon precisely the same circumstances as other 
sounds. The tuning-fork will illustrate all these points. The 
pitch depends upon the number of vibrations per second ; the 
more numerous the vibrations the higher the pitcn : the intensity 
depends on the length of the sound-wave ; the more the fork is 
deflected the louder will be the sound — t.e., the greater the force 
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communicated to the fork, the longer will be the sound-wave, and 
the greater will be the sound into which the force will be con- 
verted: the duration of the note depends upon the time the 
vibration continues ; the longer the fork is in motion the longer 
will the sound be audible. 

The effects produced by the vibration of a metal prong are also 
produced by the vibration of a string or wire. I take an ordinary 
violin-string, fasten one end to anything and tighten it either by 
passing the other end round a screw (as in a violin) or by fasten- 
ing a weight to it. The string being thus tightened, I set it 
in vibration either by drawing a bow across it, or drawing it side- 
ways with the finger and releasing it suddenly. The string by its 
vibration produces a series of sound-waves just as the tuning-fork 
did. The pitch of the sound thus produced depends upon the 
number of vibrations ; the greater this number the more numer- 
ous the sound-waves. The more numerous the sound-waves in a 
given time, the more rapidly must they succeed each other. The 
more rapid this succession, the greater the effect produced upon 
the auditory nerve. We express this effect by callmg it the jntch 
of the tone, which may vaiy from a growl to a scream ; which may 
descend so low as to be below our powers of perception, or rise so 
high as to be above them. 

(19.) Fitoh of Musical Sounds. — The particular string I use 

fives forth a particular note. I tighten it, by screwing it up, or 
y increasing the weight that depends from it. I now set it 
in motion as before, and find I produce a shriller note. I restore 
the original tension, and find I have reproduced the original note ; 
the pitch is as at first. I unscrew the string somewhat, or de- 
crease the weight, and now the string gives forth a lower note ; 
the pitch is lowered. By again restoring the original tension I 
again reproduce the original pitch. And, speaking generally, 
the same string, stretched to the same degree of tension, will 
always ^ve the same note when set in vibration. The greater 
the tension of the string, the more rapidly will it return to its 
first position, when released, and consequentlv the more rapidly 
will it continue to vibrate. The more rapid the vibration the 
higher the pitch ; and therefore the greater the tension the 
higher the pitoh. 

I now shorten the vibrating portion of the string, which I 
can easily do without shortening the string itself. This is what a 
violinist does when he places his finger on the string. When the 
string is open, the whole of it vibrateSj but when the finger is 

E laced on it, only the part between the bridge and the finger vi- 
rates. In some such way I shorten, practically, the string, and 
then, as before, set it in vibration. The note produced is higher 
in pitch than when the whole string vibrates. I shorten the 
string still more ; the pitch of the note is still higher. 
In this way it may be shown that the piteh of a note increases 
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as the length of the striiiff decreases, and decreases as the lencth 
of the string increases. The shorter a string is, the more forcibly 
will it be straightened, and therefore the more rapid will be the 
vibrations : the more rapid the vibrations the greater number of 
them in any given time, and therefore the higher the pitch of the 
note produced. 

A glance at the sounding-board of a piano will show what 
a great difference there is between the wire of the highest note 
and that of the lowest, and that there is a continuous increase of 
length from one extreme to the other. A harp is also an ex- 
ample of this ; the highest notes are produced by tne movement of 
the shortest string, and the lencth increases continuously from 
the string of the highest to that of the lowest note. 

(20.) Causes affeotiiig Fitcli of Sounds. — If I stretch two 
strings side by side, of equal thickness, length, and with equal 
degrees of tension, they produce but one sound practically — i.e., 
the two sounds are so exactly alike that they blend ipto one 
louder sound ; the ear is unable to distinguish one from the 
other. Also, if I shorten one of these strings to exactly half the 
length of the other, there is a remarkable resemblance between 
the sounds produced by the vibrations of the two strings. The 
sounds, thoueh not identical, are so completely harmonious, that the 
ear, though able to detect the existence of two sounds, cannot distin- 
guish one from the other. The same result will, of course, be at- 
tained by either halving one of two equal strings, or by doubling 
it. So long as we have two strings, one double the length of the 
other, but equal in all other respects, we shall have two sounds so 
nearly alike as to be completely harmonious and practically inse- 
parable by the ear. But though I get these two notes, called an 
octavCy either by shortening or by lengthening one of two strings, 
I do not get the same octave by either process. Thus I have two 
strings exactly alike in all respects, ana each producing a sound 
which I will call C. Now, if I shorten one by half its length, I 
get a higher note, which I will call C; this is the octave above C. 
If I lengthen one of the strings and make it double its former 
length I cet a lower, deeper note, which I will call C« ; this is the 
octave hdow C. In either way I get two notes separated by an 
octave, but in one case it is C and CK, and in the other C and 
Ci . The lower note of one octave is the higher note of the other. 

Therefore the pitch of the produced note is raised if the string 
be shortened or if it be tightened. But this is no more than say- 
ing that the vibrations are more numerous. If they be more nu- 
merous the pitch is said to be higher — i.e.,the effect on the nerve 
of the ear is more intense, because the waves succeed each ether 
in more rapid succession. And this is the case when the string 
is either shortened or tightened, for in either case the elasticity of 
the string is increased, and it returns to its first position with 
more force and lapidily. 
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Again, the pitch of a note is affected if the string be thickened, 
or have its tnickness lessened. Thus on a violin, where the 
strings are all of equal length, and where it is yet essential that 
there should be a variety ot notes, this variety is attained by hav- 
ing strings of various thicknesses. An ordinary violin has four 
strings, one called the G string, because when the whole string is in 
motion it gives ,the note known as G. By shortening the vibrat- 
ing portion of the string, it is made to give other and higher 
notes. Practically, the notes ABC and D are produced in this 
way. The next string, a thinner one, is tightenea until its whole 
length gives the note D — ^. e., this string begins where the other 
leaves off. From this second string, shortened as before, we can 
.get the notes E F G and A. The third string, a still thinner one, 
is tuned to produce A when ope7i, and B C I) and E when short- 
ened. The fourth and thinnest string produces E when open; and 
by being shortened, F G A B, and any higher notes that may be 
wanted. The diagram (fig. 33) shows the arrangement of the four 
strings. ^ 

It must be borne in mind that the one string G (the thickest) 
will give all the notes usually produced by a violin, but the 

_ arrangement of 

IT T ^ ^ ? ^ — ? — i ' the four strings 

A ^ fr A JL ' b o p gives greater pur- 

P A 'B g — a — B-* — a " ity of tone, and 

Yu, 88 ^^^^^ practical 

^■* convenience. 

Greater purity of tone, because the notes lie closer together as they 
rise in pitch, and therefore any slight inaccuracy of position in 
the finger gives greater error in a high note than a lower one on 
the same string. Greater practical convenience, as giving two 
octaves of notes within reach of the fingers without moving the 
hand as a whole. 

From this we see that strings of equal lengths do not give the 
same note unless they are of the same thickness. So that, other 
things being ecjual, the thicker string gives the lower note, and 
the thinner strmg the higher — i. g., the motion of the thicker string 
is the more sluggish, because of the greater mass to be moved. 

We now know, therefore, that the note to be given by the vi- 
bration of any string — (.€., the number of its sound-waves— -depends 
upon its tendon, its length, and its thickness. But if increased 
thickness cause a less number of vibrations because of the greater 
weight to be moved, the same result should follow from the sub- 
stitution of a string or wire of a more dense substance but of the 
same thickness ; and we find this to be the case. If we have on a 
board several M^res of equal lengths and thicknesses and stretched 
bjr equal weights, but of different densities — say of silver, alumi- 
nium, (lighter than silver), and platinum (heavier than silver) — it 
will be found that the same variety of notes will result as if the 
strings were uf the one material, but varied in thickness, — t. e., the 
greater mass in the same thickness has exactly the same effect 
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upon the notes as the greater thickness. And this is hiit natural. 
If a horse could draw a hundred blocks of any light substance, he 
could draw one block of some heavy substance which would be 
of the same weight as the whole hundred others ; and, as far as 
the horse was concerned, it would be immaterial whether he drew 
a large number of the light or a small number of the heavy blocks. 
So with the vibration of a string resulting from any given force. 
The heavier the string the less rapid the vibrations, and it is the 
same whether the increase of weight arises from an increase of 
material in the way of thickness or in the way of density. 

(21.) Octaves of Sound : Scales. — We have seen that the 
whole string and the half of it produce harmonious sounds. What 
will be the result of dividing the string or wire into three equal 
parts '? If I sound the longer part, two-thirds of the whole, I get 
a sound that makes three vibrations while the whole string makes 
two. The two notes thus produced by strings in the ratio of 2 to 
3 are (excepting the two already mentioned) the most pleasant 
when heard together. This interval (to use the musical phrase) is 
called a Jlfth, and representsjust the difference in tone between 
any two strings of a violin. The lowest string is the G string, and 
the notes are named thus — 

Q, A, B, C, D, and the intervals are : — 

Between G and A, . . a second, or two notes. 

„ G and B, . . a third, or three notes. 

„ G and C, . . a fourth, or four notes. 

„ G and D, . . a fifth, or five notes. 

The following figure shows that each string on a violin is tuned 
80 as to be a fifth above the next lower. 

Thus between G and D, between D and A, and between A and 
E, there is in every case an interval of a fifth. This has the ad- 
vantage of giving the power of producing these intervals to the 
best aavant£^e in harmony. But it also means that whatever 
number of vibra- 
tions the highest r T„ ^ ^ ° ^ ^ — J 

string makes, the a- d b r q 

next lower makes 

two-thirds as _. ^ 

many; the next *^*^' **' 

lower two-thirds of this second number ; and the lowest two-thirds 

of the third number. 

Thus the E string vibrates 640 times per second ; the A string 
426 times, or | of 640 ; the D string 284 times, or | of 426 ; and the 
G string i of 284, or 189. 

Then, by reducing the length of my string one-third, I get a 
tone one-firth higher ; but what of the other portion, one-third of 
the whole ? This, if set in vibration, will give the octave of the 
new tone (the one produced by the two-thirds of the whole string), 
because its length is the half of it 
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If the note of the whole string "be C, the note of two-thirds of 
the string will be Q above the C, and the note of one-third will 
be the G above this. 

I now shorten the string by one-fourth — i,e,, I divide it into two 
parts, one being three-fourths and the other one-fourth of the 
whole. The longer part will make four vibrations, while the 
whole string would make three, and will consequently give a 
higher note. If two strings in the ratio of 3 to 4 as to length 
be now sounded together, the harmony will be less pleasant than 
that of the octave (produced by equal strings), or of the fifth (pro- 
duced by strings in the ratio of 2 to 3), but still not unpleasant 
The interval so produced is called a fourth, because it embraces 
four notes ; thus F is the fourth of C, and the interval contains 
the notes C, D, E, and F. I may continue to divide my string 
into four, five, six, &c., equal parts, and in each case the note wiU 
be of higher pitch — i.e., the shorter the string vibrating, the more 
numerous the vibrations. Let the string be of such a length, 
thickness, density, and tension, that it wul make 256 vibrations 
per second. Such a vibration will produce a note very near to 



the one usually called C — written in music as 



$ 



? 



I may now divide this string in many ways, or (what has the 
same result) take other strings of the same thickness, density, 
and tension, but shorter in various ratios. 

From the whole string I get 256 vibrations per second and the 



note C 



i 



note 



From half the string I get 512 vibrations per second and the 



This may be shown pictorially thus — 
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Here we see how the numbers of the vibrations of each part of 
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the string differ more and more as they are made more and more 
nnequaly and conversely become nearer and nearer alike as we 
approach the middle point Also, that the strings shortened, as 
we have here described, produce the notes of the ordinary scale. 
It is familiar to most of us how unpleasantly shrill is the tone pro- 
duced by the vibration of the short piece of string behind the 
bridge of a violin. This, we now see, arises from the intense 
rapioity of the vibrations so produced, following each other at the 
rate of thousands per second. 

I have shown that shortening a string increases the number of 
vibrations in a given time. From this it would seem that the 
number of vibrations, or (what is the same) the rapidity of the 
vibration, is independent of the amount of force applied. What, 
then, is the difference between the results of two imequal forces 
applied to the vibration of a string ? The number of vibrations 
witl be the same, but the eoctent of each vibration and the inten- 
sity of the sound will be greater, the greater the force — i. e.y the 
more forcibly the string is set in motion, the more forcibly will 
the air be impelled against the ear. As an illustration of this, the 
action of an ordinary pendulum may be observed. I set it in 
motion gently, and it makes a slow vibration; I move it more 
forcibly, and it moves more rapidly, but through a larger distance. 
Just so, a string or wire makes the same number of vibrations, 
whatever be the force applied, but the vibrations are of a larger 
range, and the motion more rapid. These two, however, compen- 
sate each other, so that the only difference between the results of 
differing forces is in the intensity of the sound. 

I have shown also that the division of any wire or string into 
two equal parts gives two octaves of the original note — that is, each 
half, when in vibration, gives the same note as the whole string, 
but an octave higher. But if I divide the string unequally I get 
two different notes, one above the octave and the other below it, 
but each a higher note than the original note of the whole string. 
It is impossible to get from any portion of a string, however 
divided, a lower note than the note given by the whole. 

(22.) Estimation of Vibrations. — ^How can I measure the 
number of vibrations made by the string of a violin ? of a piano ? 
or of a tuning-fork? How can I distinguish from each other 
vibrations that occur by hundreds, nay thousands, in a second 1 
It is impossible to count the actual vibrations of any vibrating 
string, out it is not impossible to couRtruct an instrument that 
shall set air in vibration at a constantly-increasing rate, and 
having machinery that shall denote the number of the vibrations, 
just as a gas-meter denotes the quantity of gas that passes through 
it lliis machine, as the number of vibrations increase, will 
produce a musical note constantly increasing in pitch. But what- 
ever the pitch, the index tells me the number of vibrations 
required to produce it 
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I draw a bow across a violin-strinff, and desire to know the 
number of vibrations it makes. To tell tbis I set my machine at 
work until it produces the same note ; the index tells me the 
number of vibrations required to produce that note. In the 
same way I may tell the number of vibrations required to produce 
any given note. 

(23.) The Syren. — But what kind of machine can enable me 
to do this ? One called the syren, consisting essentially of two 
plates of metal of equal sizes, and having a number of holes 
arranged in a circle. When both plates are placed together, air 
may be blown through the holes, and "^dll pass through both 
plates. But if the upper plate be made to revolve upon the 
lower, each hole in the upper plate will pass in succession over 
every hole in the lower plate, and also over every interval between 
them. If there be ten holes, the air will pass and be cut off ten 
times in one revolution. If the plate revolve once in a second, 
there will be ten waves of sound in that time. But if the plate 
revolve ten times in a second, there would be a hundred waves 
of sound in a second; if thirty times, three hundred, — and so on. 
It is easy to make the syren revolve many hundred times in a 
second, and to have the number recorded. 

When the puffs are slow, they are heard as distinct from each 
other, but as the velocity increases they blend into each other 
and form a musical sound gradually rising in pitch. The syren is 
practically two circular plates enclosed in a case, having below an 
air-chest, and above a recording apparatus. The motion is really 
given to the revolving plate by the passage of the air through its 
openings. When any required note is obtained, the plate can be 
kept revolving at that rate by modifving the supply of air. 

Thus, to measure any given note I set the syren in motion, the 
individual puffs gradually become blended into a musical note, 
and this rises continuously in pitch. When it reaches the note 
I desire to measure — that is, when the two sounds are in unison 
(so that, heard together, they are indistinguishable) — I keep the 
syren at that rate of movement for one second. The index, 
which can be set to work and stopped at will, records the number 
of revolutions made in the time, and this, multiplied by the 
number of openings, gives the number of vibrations or sound- 
waves required. 

(24.) TransmlBsion of Musical Sounds. — This differs in 
no respect from the transmission of other sounds, though the 
effects are often very surprising. Thus a tune may be conveyed 
from one room to any other : a piano, a violin, a harp, may be 
played in the kitchen, and the music carried through the parlours 
and upper rooms to the attics, where it shall be distinctly audible, 
though inaudible at any other point of its journey. If a long rod 
of wood or iron be connected with the sounding-board of a piano, 
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the tune will be conveyed by its vibrations ; and if a large disc be 
placed on the end, so as to present a large vibrating surfiEice, the 
sound wiU be at once audible. In the same way a tuning-fork 
placed at the end of a long rod will sound even at thirty or forty 
feet distance, if the other end of the rod be in contact with a 
large vibrating surface. For any one who has not witnessed any 
illustration of this transference of music it is difficult to realise 
the accuracy with which every vibration is reproduced. 

(25.) Sounding-Boards. — ^A tuning-fork set in vibration in 
free air is scarcely audible, but if placed on a table, on a basin of 
water, or in contact with any large vibrating surface, it is at once 
heard; that is, the vibrations of the fork set in motion the 
particles of the larger body, and these by their vibration set in 
motion the air. Every vibration of the small metal fork is repro- 
duced and intensified by the corresponding vibration of the 
lai^er surface. 

fi; is in this way that the sounding-boards of musical instru- 
ments serve to augment the eflfect of the vibrating strings, which 
unassisted in this way would be scarcely audible. All the wires 
of a pianoforte are attached to a large vibrating board. In a 
violin the body of the instrument serves this purpose. 

A sounding " board " need not necessarily be solid : the surface 
of a liquid will vibrate as readily and as truly as that of a solid; 
and a column of water will convey sound as readily, but not so 
quickly, as a rod of metal or wood. In fact, the differences 
between liquid, solid, and gaseous conditions of matter are those 
of degree, not of kind. 

(26.) Vibration of Strings. — If I divide the string by fasten- 
ing down any point of it so as to be incapable of motion, then the 
vibration of one portion will not affect the other ; but if I only 
rest my finger or a penholder on the string, the vibration of one 
part of it will be communicated to the other, and the whole string 
will be in vibration. But there will be a very important differ- 
ence between the vibration of the whole string when free, and 
when any point in it is pressed with any light weight. 

Thus, if I fasten the ends of a string, as on a violin, and draw a 
bow across it, I set it in vibration as a whole. But if, resting my 
finger on the string at its middle as one point, I set one half in 
vibration by means of the bow, I find that the second half vibrates 
also, and in unison ; that is, the force I communicate to one half 
of the string is passed to the second half, though the middle point 
vibrates but very little. 

Fig. 35 shows the appearance of a string vibrating as a whole ; 
fig. 36, that of the halves vibrating separately. If instead of 
gtopping the middle point I rest my finger, a pen, or any other 
light weight, at one-third from one end, and set the shorter por- 
tion, one-third of the whole, in vibration, I find that, as before, 

D 



50 



ACOUSTICS. 




Fig. 35. 




Fig. 86. 




Fig. 37. 



the other part of the string (two-thirds of the whole) is ako set 
in motion oy the same force, but with the important difference 

that it is divided 
into two portions, 
each equal to the 
one -third, so that 
the whole thread is 
apparently divided 
into three spindles, 
as in fig. 37. So 
that, generally, by 
setting into vibra- 
tion any portion of 
a string, I divide 
the whole string in- 
to portions of that 
length, all vibrating alike, and separated by points that vibrate 
but little. These points are called nodes, or nodal points. When 
a string is vibrating in parts, the nodes or points of rest can easily 
be detected by placing a number of light substances on the string 
at random. Those at the nodes will remain, all the others will 
be thrown off by the motion of the string. When the distance 
between any two points of rest is found, the others can be found 
by measurement. 

(27.) VibrationB of Plates. — In describing the vibrations of 
a wire or string we speak only of the lateral motion, but these 
are not the only, nor the most regular, of the movements which 
take place when a body of any kind is set in motion. In fact, just 
as the terms solid, liquid, and gaseous cease to be, in the study of 
Physics, terms of rigid demarcation, so the terms length, breadth, 
and thickness come to have new meanings. The finest wire pre- 
sents a surface as truly as the broadest plate, and its breadth and 
thickness are as real as those of a deal board. 

We stretch a wire and set it in vibration. Its lateral vibrations 
are extensive and easily perceptible as compared with other mo- 
tions amongst its particles, but they are not more real. Thus, if 
our wire were thick enough, or our senses sufficiently acute, we 
would note a second motion, at right angles to the lateral vibra- 
tion, and also note the symmetry between the two motions. 

The only reason why a wire is called a wire is that its length 
is very great as compared to its thickness. If I decrease its length 
and increase its width, it becomes a plate of metal. A string so 
shortened and broadened becomes a membrane. It would be dif- 
ficult to decide where was the exact boundary line between the 
wire and the plate — ^between the string and the membrane. 

But when I set in vibration a plate of metal these cross vibra- 
tions become evident. I get not one, but two sets of vibrations, 
one at right angles to the other. The nodcU points become nodal 
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lines — i. e., "where in the wire we had points of rest, in the plate 
we have lines of rest. 

How shall I find these lines ? By the same method which en- 
abled me to detect the points. On the wire I placed small pieces 
of paper ; these were thrown off in every case excepting at the 
points of rest On the plate I strew fine sand, or any very light 
and freely-moving powder. The vibrations of the plate move 
these, bnt cannot throw them off as the wire threw off the papers. 
Consequently they gradually accumulate on the lines of rest, or 
nodal lines, where alone they are at comparative rest. In this way 
the nodal lines in a plate are very clearly and easily perceptible. 

To give a simple illustration : I fix a plate of glass by the 
middle point in a screw, and holding my finger on one comer a, 
I draw a violin-bow, or some roughened Dody of that kind, across 
the middle point of one edge 6. This 
sets it in vibration, while my finger pre- 
vents the motion of the comer, making it 
a nodal point ; but this point becomes a 
line crossing the plate from comer to 
comer. Another nodal line also crosses 
the plate in the opposite direction. What 
causes this ? The same cause that divides 
the whole of a wire or string into vibrat- 
ing portions when one point is held. The 
two nodal lines cross at right angles, and 
divide the plate into four equal triangu- 
lar portions, all vibrating at equal rates, 
and all set vibrating by the application of force to one of them. 
Of these four, two are above and two below the nodal lines at 
any given instant, corresponding exactly to the nodes and vibrat- 
ing portions of a string, each nodal line being the mean level, 
having on one side of it a rising and on the other a falling surface. 

If I hold the middle point a, and apply the bow to one of the 
comers 6, then the nodal lines (still crossing at right angles, but 
parallel to the sides) divide the plate a Z> 

mto four equal rectangular portions, all 
vibrating as before, two always above 
and two always below the mean level. 

I may hold several points by resting 
two or more fingers at intervals on one 
side, and every point so kept at rest wiU 
be the end of a nodal line. In this way 
the most complicated and beautiful fig- 
ures may be produced by the interfer- 
ence of the lines. 

Every vibration will produce a musical 
sound, and the vibrations, pitch, inten- 
sity, &c., of these notes follow the same laws as we have seen to 
obtain in the case of vibrating strings. 
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Singularly enough, the points of greatest agitation are also 
marked by little groups of the powder, which seem driven to 
these points by the currents of air generated by the vibrations of 
the plates. Only the lightest of the powder collect here, and if the 
plate be vibrated in a vacuum, there are no such collections. 
So it would seem that the movements of the plate drive all the 
eand to the lines of rest, but that little whirlwinds of air drive 
back the lightest particles to the centres of motion. 

(28.) Ijongitudinal Vibrations. — ^But it is possible to pro- 
duce musical tones in still another manner— i. e., by the vibrations 
of the particles of a rod in the direction of the length of the rod. 
Thus, it I draw some roughened substance, say a piece of leather 
well resined, along a wire, I produce a continuous and shrill tone. 
This is due to the sound-wave generated along the wire. The 
wire must have a sounding-board — i, e., its end must be fixed to 
some vibrating surface. The force applied tends to separate the 
particles of wire, and this is resisted by the cohesion, which con- 
fers an elasticity usually very much greater than the force applied. 
Hence the shrillness of the tone, which varies with the elasticity 
just as the transverse vibrations do. In fact, the longitudinal vibra- 
tions follow almost precisely the same laws as transverse vibra- 
tions. The longer the string, the lower — the shorter the string, 
the higher, the note. In one respect, however, these laws differ: 
the length - vibrations are more independent of tension. But 
this may be only an apparent variation ; probably the effect due 
to increased tension is so small, when the vibration is in the same 
line of action, instead of being, as in transversal vibrations, at 
right angles to it, that its result is imperceptible. 

These longitudinal \dbrations afford a means of measuring the 
velocity of sound-waves in various solids. By noticing the length 
of any substance required to give a certain note, we obtain the 
ratio of the velocity of sound in that substance, as compared with 
that of some other previously ascertained. If 10 feet of one wire 
give the same note as 15 feet of another, then the velocity of 
sound in the short wire is to the velocity in the long wire as 2 is 
to 3 ; for in the one it travels through 10 feet in the same time as 
in the other it passed through 15 feet. We could not measure the 
passage of sound through mues of wire, and this test of pitch is an 
easy and an accurate means of measurement. 
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The ear is the organ of sound — i.e., hj its mechanism we are 
conscioTis of the existence of sound. 

This mechanism consists of the auditory nerve, the tym- 
panum, the iEjUStaohian tube, the drum, the labyrinth, a 
set of very fine hairs, and a lute. 

The auditory nerve is the medium of perception : when it i? 
in motion we have sound. It is set in motion by the action of 
the hairs and lute. These are set in motion bv the movements 
of water with which the labyrinth is filled. The lute is a won- 
drous apparatus of some three thoumnd stretched filaments, vary- 
ing in pitch ; these convey to the brain musical sounds. The 
hadrs are free at one end, and grow between the fibres of the 
nerve. These convey continuous sounds to the brain. 

The labyrinth is a cavity, filled with water, behind the drum, 
with which it is connected by a lon^ partition. 

The drum is another cavity, havmg within it a group of small 
bones, set in motion by the movements of the tympanum, a 
membrane closing the outer opening of the ear, and acted upon by 
the motions of air outside it. 

A sound-'wave acts on the tympanum, this on the bone in 
the drum, these on the water in the labyrinth, this on the 
hairs and the lute, and these on the auditory nerve. The 
motion of this nerve is sound. Sound is the perception by us, 
through our ears, of the existence of sound-waves in the substance 
(usually airj in contact with the tympanum of the ear. Sound 
exists only m the motion of the piarticles of the auditory nerve. 
There is no sound anywhere but in the ear. Page 17. 

Anything which <^t6 in this way upon the tympani^ is a 
cause of sound. Page 19. 

A sound-'wave must strike on the tympanum at least 16 
times per second to produce a continuous sound. A sound-'wave 
that strikes it more than 38,000 times per second is inaudible. 
The perception of a sound lasts about A of a second. Page 20. 

A sound-'wave is a vibration to and fro. l\Aform depends on 
the body whose motion causes it. An explosion in the centre of 
a room would cause a spherical wave : the prong of a tuning-fork 
causes by its "vibrations a radial wave, proceeding from the fork, 
and gradually "widening in a fan-like manner. Page 20. 

The intensity of a sound depends upon three things— the 
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density of the medium, its elasticity ^ and the distance the sound 
has travelled. 

The denser the medium, the less the sound. 

The greater the elasticity, the greaier the sound. 

The greater the distance, the less the sound. 

If there be two media, A and B— then 

r (Density of B)« : (Density of A)«. 
Intensity in A : Intensity in B : : < (Elasticity of A)^ : (Elasticity of B)\ 

( (Distance in B)* : (Distance in A)*. 

This may be summarised by saying — 

The intensity varies directly with the square of the elasticity, 
and inversely with the squares of the density and the distance. 

The intensity of a sound depends upon the density of the air 
in which it was generated, and not of that in which it is heard. 

Page 21. 

The amplitude of a sound-'^ave is the distance that each 
particle of a soimd-conveying medium moves to and fro. 

Page 22. 

A sound-wave is reflected when it falls upon a smooth surface. 
Tlie angle of reflection is always equal to the angle of incidence. 

TsLge 25. 

An echo is a peculiar phase of reflection, when two points are 
symmetrically placed with reference to some reflecting surface or 
surfaces, so tnat any sound produced at one is heard at the other, 
not only by direct transmission but also by reflection. 

Pace 26. 

A soand-wave is refracted in passing from one medium to 
another of different density. Page 28. 

Sound may be condensed by a suitable arrangement of reflect- 
ing surfaces or refracting substances. Page 28. 

The velocity of sound is the rate at which a sound-wave 
travels through any medium. The more elastic the medium, the 
greater is the velocity : the more dense it is, the less is the 
velocity. 
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The density of the sound-mediiuxi counteracts its elas- 
ticity more or less, and tends to decrease the velocity of sound : 
not because of the greater number of particles to be moved, but 
because of the greater force of cohesion, which acts in opposition. 

Page 32. 

The elaatioity of the Boiind-mediiun is tbe force that 
resists compression. The greater this force, tbe greater the velo- 
city of sound in that medium. Page 32. 

The temperature of a soimd-'wave is increased by com- 
pression, and decreased by expansion. The elasticity of the 
medium (and, consequently, the velocity of a sound-wave) is in- 
creased by the compression more than it is decreased by the cor^ 
responding expansion, and the result is that the actual velocity 
of sound is greater than was the calculated velocity, until the 
fact was observed and taken into account by Laplace. Page 34. 

A miisioal sound is any sound repeated at regular intervals^ 
and more than 40 times per second. Page 41. 

The pitch of a musical note depends upon the number of 
vibrations made in any given time. The greater the number of 
vibrations, the higher the note. Page 42. 

A tuning-fork is a convenient instrument for producing 
musical notes, since it vibrates regularly and rapidly. It is a 
bar free to vibrate at both ends, and having two nodal points, 
which, when the bar is bent, approach nearly to each other. 

In considering the vibrations of strings or wires, four 
things have to be taken into account — length, thickness, density, 
and tension. Any increase of length, thickness, or density 
decreases the amount of vibration ; any increase of tension in- 
creases the vibration. In comparing the rate of vibration of two 
strings, we have the following proportion : — 



Length a 
Diameter a 
VLensity a 
V Tension b 



Length b 

VDe'JS'^j* '> ■■ ■■ Vil'~«0'» » : Vibration a. 
VTension a 



The diameter and density may together be replaced by the 
weight : and then we have — 



Length a : Length b 
VWeight a : VWeight b ^ : : Vibration b : Vibration a. 
VTension b : VTension 



\}-- 



The syren is an instrument for ascertaining the number of 
vibrations required to produce any given note. Page 48. 

Musical sounds are transmitted by liquids or solids, as well 
as hy air. Page 48. 

Tne -vibrations of strings must be communicated to the 
particles of larger surfaces, in order to produce audible sounds. 

Page 49. 

A string or wire of any length, when vibrating as a whole, also 
usually vn)iates in halves, &c., in additional VK)rations. These 
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nnaller TibratioiUy depending £cxr their number and extent upon 
the notoie of the soonding-lxMirdB to which the stringB are at- 
tached, make the difference of " tone " by which we can tell one 
musical instnunent from another. 

The surface of water may be set in wave-motion in precisely 
the same manner as a string or wire. Page 49. 

The nodal points of a vibrating string or wire may be 
experimentally found as being the points where small pieces of 
paper, thread, &c., will remain at rest In the same way the 
n<>dal lines of a vibrating plate may be found, as being the 
lines where fine powders strown loosely on the surface finally 
accumulate. 

A vibrating plate may be considered as a vibrating string 
widened, so that it vibrates not only in length but also in 
breadth. Page 50. 

The nodal i>oints or lines of a vibrating body are determined 
by the points that are kept at rest. 

The points of most violent vibration are marked by little 
clusters of the lightest powder or sand. These are caused by 
movements of air occasioned by the vibrations. In a vacuum ail 
the sand moves to the nodal lines. P^e 52. 

Longitudinal vibrations can be excited in the same way as 
transverse vibrations, and obey generally the same laws, excepting 
that they are not so dependent on density. Page 52. 
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[1.) Introduotion. — II any substance be exposed to the action 
leat it is affected in a twofold manner : it gets warm, and in- 
creases in size. But the increase of temperature (which we call 
warmth) is not the same for all substances, neither is the increase 
of volume. If I place side by side, imder equal conditions, a 
solid, a liquid, and a gas, I find that — 

1. The solid rises in temperature more rapidly than the liquid, 
and the liquid more rapidly than the gas. 

2. The soKd expands in volume less than the liquid, and the 
liquid less than the gas. 

The heat applied produces two effects : an increase of volume 
and a rise of temperature. These two may be considered as quite 
independent effects, for it is quite possible to have one witnout 
the other. If a body be prevented irom expanding, its tempera- 
ture will rise the more rapidly. 

We may therefore consider that heat performs two distinct 
operations on any substance to which it is applied, and that the 
more it has to do one of these the less it can effect the other, and 
vice versa, 

(2.) Solid, Idquid, and Gaseous Conditions interchange- 
able by means of Heat. — A solid may be considered as an aggre- 
gation of particles of matter held together by attraction. lithe 
sun has power at a distance of more than ninety millions of miles 
to attract the earth, and if this power of attraction increase as the 
distance decreases, but in a greater ratio, then we may reasonably 
suppose that bodies in actual contact have attraction for eacn 
otner in a much higher degree than might at first be expected. If 
two plates of glass, both trnly level, be placed together, they adhere, 
not merely by the pressure of the external air, but by the force 
of cohesion as well. For the same reason, if two heavy pieces of 
iron have each a face made really a plane surface, and these two 
surfaces be brought into contact, the two pieces of metal become 
practically one. 
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A pound of ice may be converted into a pound of water, and 
the water into a pound of steam. The difference between the 
Bteam and the water, the water and the ice, is the degree of com- 
pactness ia which the particles are arranged. The steam is quite 
invisible, because these particles (though just as completely exist- 
ing and present as in the water or ice) are too distant from each 
other for the light from them to fall upon the eye in sufficient 
strength to excite the optic nerve, and so give to the brain the 
sensation of perception by sight. As much light fprobably even 
more) falls upon each atom as when they are visiole as a liquid 
or a solid ; but just as there are sounds that are feeble for our hear- 
ing, so there are rays of light too feeble to make any impression on 
our sense of sight. 

In the ice these particles are closely* arranged, and occupy suffi- 
cient space to reflect light sufficiently to impress the eye with its 
image. K one particle be moved the whole moves, because of 
this cohesive attraction. It is probably one of the most accurate 
definitions of a solid to say, that it is a body of which every particle 
moves if any one be moved — i.e., that the particles are bound to- 
gether as a whole. 

Between these two states, the solid ice (in which the atoms make 
up as it were a larger atom, and the force of attraction, because of 
the nearness, overcomes the individual existence of each) and the 
gaseous steam (in which the atoms are so far apart that the attrac- 
tion is not sufficient to enable one so to influence another, and 
each atom preserves its individual existence), we have the neutral 
or common condition of the liquid water, in which the two forces 
are so equally balanced as to give the compactness of a solid with 
the individual freedom of the atoms as in a gas. These changes, 
of ice to water, of water to steam, of any scuid to a liquid, and 
of any liquid to a gas, can be effected omy by heat. The corre- 
sponding changes, &om steam to water, from water to ice, can be 
effected only by the abstraction of heat. 

Heat is supposed to be a vibration; therefore the more heat 
the greater the vibration. If this vibration be prevented — Le., 
if a body be compressed so that the vibration of its particles be 
stopped, partly or entirely, the heat is given off as temperature 
— 4.6., the vibration is communicated to the air, or to any other 
body in contact. 

Thus, to change ice to water, to melt lead, or any other metal, 
to boil water into steam, or to convert any other liquid into a 
gas, the application of heat is the only means. This change, 
with few exceptions, is always accompanied by an increase of 
volume, rendered necessary by the increase of vibration. The 
more heat, the more vibration; the more vibration, the more 
room is required. 

To change steam into water, or water into ice, just the reverse 

process is necessary. Heat must be abstracted — ue., vibration 

mast be reduced. This change is, with few exceptions, always 
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accompanied by a decrease of bulk. The less vibration, the closer 
can the atoms approach each other, the less is the force of attrac- 
tion counteracted. 

In this way, by regarding heat as a vibration,— one phase of 
a force that cannot be destroyed — ^that, driven from one place, 
goes to another — ^that may be divided or accumulated, but cannot 
be got rid of altogether, — ^we may regard the gradual change of any 
body from the solid, through the liquid, to the gaseous form of ex- 
istence, as the result simply of a continued increase of vibration 
imparted to its particles. 

The expansion of solids when heated is but small — ^in no known 
case is it so much as .003 or tbVit increase between 0° and 100° C. ; 
while in liquids, the increase, for the same range of temperature, 
is much greater, in one case (alcohol) being more than .1 or ^; 
and in gases it is more than .3 or y^, nearly |. These variations 
are the necessary results of what we have just learnt respecting 
the constitution of solids, liquids, and gases. 

(3.) Sffeots of Heat upon Gases. — In a gas the expansion is 
greatest because the heat has only to overcome the pressure (of the 
air, or otherwise) which prevents ordinary diffusion. The parti- 
cles of a gas being quite independent of each other, repel each 
other (by reason of their vibrations) so much, that any quantity of 
gas, however small, seems capable of filling any space, however 
Lsurge ; so that, to contain any given quantity of gas within known 
limits, it is necessary to subject it to pressure, as by placing it in 
vessels, or bladders, &c. When, therefore, we say that a gas ex- 
pands by the addition of heat, we mean that the pressure which at 
a certain temperature keeps it within certain limits is, by an in- 
creased temperature, forced back so as to allow to the same quan- 
tity of gas a greater space. Thus, I fill two bladders partly full 
of gas, of any kind, so that the pressure of the air upon the outside 
of the bladaers prevents the gas from filling up the entire space. 
I put one of these flaccid bladders in the receiver of an air-pump, 
and relieve it of this pressure. The gas instantly swells it out to 
its full extent, though it contains no more gas than before, but the 
cessation of the external pressure allows the expansion. I place 
the other bladder, still under the pressure of the air, before a fire, 
it also swells out as the other. So long as the one bladder re- 
mains free from external pressure, so long the gas will completely 
fill it, but no more will happen. But if the one exposed to the 
fire remain so, not only wul the gas fill the bladder, but it will 
eventually burst it, owinff to the continued increase of force 
derived from the increased heat The gas fills one bladder be- 
cause there is no pressure upon it, and a gas will, by its nature, 
occupy whatever space it has access to ; but so soon as the blad- 
der is distended the gas is restrained by it, and expands no more. 
But in the other case the gas distends the bladder d^i^vt^tlaft y^^- 
sure of the mt upon it, hjr virtue of the additional ioicfe «sid2edm« 
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nicated from the fire ; and this is continuously increased^ the blad- 
der being eventually rent by its force. 

Therefore the only work to be done by heat when communi- 
cated to a gaseous body is to enable it to overcome any pressure 
to which it may be subjected. Its temperature must be at the 
same time kept up, otherwise the vibration would be transformed 
to heat, by the demand for heat by the lower temperature. So 
that heat communicated to a gas raises its temperature, thereby 
enduing it with a higher degree of vibration, that enables it to ex- 
pand even under pressure. 

(4.) Effects of Heat on Solids. — ^But heat, when conmiuni- 
cated to a solid, has a much more complex task to perform. A 
small piece of any solid put into a bladder would not expand 
when the pressure of the air was removed, as a ^as would. Nor 
even when heated does it expand in any considerable degree, 
because the atoms are held together by cohesion. Supposing the 
temperature to be very low, the solid will scarcely expand at all 
on the application of heat, which will be ahnost entirely spent in 
loosening the particles, and communicating to them vibration. 

In adfition to this, the atoms raised in expansion are raised in 
opposition to gravitation, since the particles are so near each other 
tnat they are not, as in a gas, free from this force. 

Thirdly, the air has to be pushed back, unless the experiment 
be performed in a vacuum ; and, lastly, the temperature of the 
body has to be kept up. 

This will explam why a solid expands so little as compared 
with a gas, since so much of the heat is used in overcoming the 
force of cohesion. 

(5.) Effects of Heat on Iiiqnids. — In the case of a liquid, the 
condition is intermediate between a solid and a gas. The atoms are 
free to vibrate individually, without the necessity of their being 
first separated ; but they have to be raised, in expanding, against 
the force of gravitation, and the temperature has to be kept up. 

(6.) General Effects of Heat. 

In a solid, heat has — 

1. To overcome cohesion, i.e., separation; 

2. To impart vibration, t.e., heat; 

3. To raise the particles against gravitation, i.e,, expansion ; 

4. To increase the temperature. 
In a liquid, it has only — 

1. To impart vibration ; 

2. To raise the particles against gravitation ; 

3. To increase the temperature. 
In a M«, it has only — 

1. To impart vibration ; 

£, To incTeaae the temperature. 
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That lieat lias this varied work to do, explains many otherwise 
puzzling phenomena. 

(7.) iESzpansion by Heat. — I fill a long tube a with gas, and 
close it by a circular plate 6, that will move, air-tight, in tlie tube. 
The weight compresses the ^as, and the plate sinks in the 
tube, the upper part of which fills with air ; so that the 
gas is pressed down by both the weight of the plate and 
the weight of the air. I apply heat, and the gas rises in 
temperature, and also expandiB; that is, the work done 
by the heat is twofold, (hie portion of the heat received 
by the gas is used in driving the particles of gas further 
apart, and the remainder in increasing its temperature. 
The heat used in the expansion is not perceptible, except 
by the increased volume of the gas, and the consequent 
rise of the plate in the tube from c to d, 

I now fill the tube as before ; and after it has been 
compressed to c by the plate resting on it, I fasten the p,j ^^ 
plate so that it shall not allow the gas to expand. Apply- 
ing heat as before, I find that the temperature increases more for 
the same amoxmt of heat — or, what is the same, any given in- 
crease of temperature is attained with less heat than when the 
gas could expand ; that is, the heat that was previously used in 
fifting the weight of the plate from c to d, ana the air above, is 
now used to increase the temperature, so that the whole of the 
heat, or nearly so, goes to effect that. I say nearly so, because 
the whole apparatus — ^tube, cap, &c. — expands slightly (and conse- 
quently allows a slight expansion of the gas) as it becomes warmed 
by the heat. 

"When the gas is free to expand, part of the heat is translated 
into motion, and is therefore imperceptible as heat. When the 
gas cannot expand, no such translation takes place, and the whole 
of it remains as heat. 

This translation of heat into motion is still more perceptible in 
the case of a liquid or a solid. I put side by side a pound weight 
each of platinum, of mercury, and of hydrogen — taking platinum 
as the heaviest solid, hydrogen as the lightest gas, and mercury as 
the only liquid element — applying the same amoimt of heat to 
each. Each will therefore, in the same time, receive the same 
amount of heat. Will the results be the same ? To make the 
conditions equal, they should all be relieved from the pressure of 
the air, which mav be done by enclosing them in a vacuum. 

I apply to eacii suflBcient heat to raise it from O'* to lOO'* C. 
The platinum expands but very slightly, the mercury more, and 
the hydrogen most. The platinum is increased by about a thou- 
sandth psSt of its original length, the mercury by about a hun- 
dredth part, while the hydrogen occupies one-third more room 
than at first. Tables of expansion are given at the end ol \k^ 
book 
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8.) Inoreaae of Temperature by Heat. — ^Bnt this is not the 

y variation in the effect of the heat communicated. I find 
that the three substances do not take the same time to rise in 
temperature from 0** to 100** C. Beginning with them all at 0*, 
and applying heat in the same quantity to each, I find, neverthe- 
less, that the platinum rises in temperature most rapidly, and the 
hydrogen most slowly. 

It follows from this that the same heat does not always produce 
the same temperature. If, instead of heatmg the equal weights of 
platinum, mercury, and hydrogen from 0° to 100°, and using for 
each the amount of heat required, I apply to each equal amounts 
of heat, and note the results, I find that the platinum has risen 
most in temperature, the mercury nearly as much, but the hy- 
drogen very little in comparison— not more than a hundredth 
part. 

I have hitherto taken equal weights of each substance, without 
reference to their bulk. But these volumes are very unequaL 
A poimd of platinum is but a small piece ; a pound of mercury is 
half as large again as the poimd of platinum, but can be contained 
in a small bottle ; while the pound of hydrogen will occupy a 
very large space indeed — 240,00*0 times as much as the pound of 
platinum. So that, while the pound-weight of platinum or of 
mercury can with ease be put m a waistcoat-pocket, a pound- 
weight of hydrogen requires almost a small room to contain it in 
its ordinary condition. This will doubtless decrease the surprise 
at the small effect heat has in raising the temperature. 

I now take, not equal weights, but equal volumes, of the three 
elements, platinum, mercury, and hydrogen. If the mercury weigh 
a pound, the platinum will weigh nearly a pound and a half, and 
the hydrogen will have no appreciable weight, being not more 
than one ten-thousandth part of an ounce. 1 apply, as formerly, 
equal quantities of heat, and note the rise in temperature. The 
platinum will show the greatest rise, as before ; the mercury 
nearly as great an increase ; and the hydrogen about one-seventh 
as great, beiug still less than the other. 

(9.) Sources of Heat. — Heat is obtained — 

1. From the Sun; 

2. By Chemical Action; 

3. By Mechanical Means. 

Heat from the Sun, — This is regular and continuous. As to 
its source we can only conjecture. 

Heat from Chemical Action, — Whenever any substance is 
burned, heat is evolved. Thus, if we bum coals or candles we 
obtain heat. In burning a candle a certain amount of heat is 
caused by the union of the carbon and oxygen to form carbonic 
anhydride ; but only a part of this heat is emitted, some of it 
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being required to keep the constitnents of the gas in the gaseous 
form. In burning phosphorus we get, on the contrary, more 
heat evolved than is due to the chemical combination of the phos- 
phorus and oxygen ; for the product (phosphoric anhydride) beinc 
soUd, heat is emitted by the solidification of the oxygen, as wen 
as from the combination of the phosphorus. 

Generally, heat is given out whenever chemical combination 
occurs, and absorbed whenever decomposition takes place. But 
when one combination is broken up, and another effected by the 
same means, then heat is absorbed by one power and evolved by 
the other, the result being an absorption or evolution, according 
to which of the two is the greater. Thus, if we pour dilute sul- 
phuric add on zinc, the zinc will decompose some of the water, 
and combine with the oxygen thus set free, forming zincic oxide, 
which will again combine with sulphuric acid, to form sulphate 
of zinc The bottles, the zinc, the sulphuric acid, and the water, 
will all be cold, in the ordinary sense of the word ; but when the 
acid is added to the zinc, and the chemical action occurs, the 
bottle containing the mixture will become very sensibly heated. 
The zinc decomposes the water, and thus absorbs heat ; the zinc 
then combines with the oxygen, this evolves heat ; the combina- 
tion of the oxide of zinc with sulphuric acid evolves additional 
heat. The heat felt when the bottle is held in the hand is the 
heat remaining after the heat absorbed has been taken from that 
evolved. 

Besides this absorption and evolution of heat from chemical 
changes, there is also the absorption and evolution owing to ex- 
pansion or compression. Expansion absorbs heat ; compression 
evolves it. "We may say that expansion is effected by heat forc- 
ma the atoms of the matter expanded farther apart : and that 
wien these are compressed again fthe heat previo^ly absorbed is 
expelled. 

Heat from Mechanical Action. — ^Friction and percussion 
are both means of obtaining heat. By rubbing two bits of dry 
wood briskly together we may, in time, get even a spark ; strik- 
ing a flint and a piece of steel sharply together was the ordinary 
way of obtaining a light less than forty years since. By the pre- 
sent system — the use of lucifer-matches — we are dependent for 
the light obtained upon the development of heat by friction and 
percussion combined. The match is tipped with a chemical com- 
pound that bursts into flame if its temperature be raised. By a 
slight stroke on the wall, which is percussion, and by being rubbed 
along it, which is friction, the temperature is so raised, and the 
matdi is set fire to. Two pieces of ice rubbed together will be 
melted by the heat generated by the friction. Water has been 
made to boil, by Professor Tyndall, in his lectures, by means of 
the heat produced by compelling a brass tube to revolve rapidly 
in close contact with hard wood. 
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(10,) MeBmaiemeDt of Heat. — ^In egtimal^ngtiie quantity €i 
h^ ocndamfid m, or imparted to or bj, any sabstance, we hare 
two difficoltleM. Firstly, we do not know what it is we dedre to 
nieaifare ; secondly, we do not know how to measare it. If we 
make a metal ball hot, it weighs no more than before ; if we make 
it as cold as yomble, it weighs no less. Therefore heat cannot be 
weighed. 

If I put my left hand in cold water and myri^it in hot, 
and then suddenly put both together in warm water, I shall feel 
in the right hand toe sensation of cold, and in my Left hand the 
sensation of heat — that is, I cannot feel cold as cold, or heat as 
heat, but only that one thing is colder or hotter than another. If 
I put my band first in cold water and then in warm, I get a sen- 
sation 01 warmth ; but if I put mj hand first in warm water, 
then in hot, and then back again in the warm water, this will 
give me first the sensation of warmth, and secondly that of cold. 
Therefore I cannot measure the quantity or intensity of heat 
by my sensation — i,e., I cannot feel how much heat any sub- 
stance has. 

But substances, on being heated, usually expand, though some- 
times very irregularly. Thus water whicn half fills a small tube 
will occupy more than half the space when heated. This, there- 
fore, mignt be used, with proper arrangements, as a heat-measurer 
or thermometer. Thermo means heat, meter means measure ; 
therefore a thermometer is a measure or measurer of heat But 
water is only available between small limits : it will not serve to 
measure temperatures above its boiling-point, when it becomes 
steam ; or below its freezing-point, when it becomes ice. Water 
not being suitable, we might try air, and should find it very sen- 
sitive as a heat-measurer. If a thin glass globe be filled with air, 
it will be found that the warmth of a hand placed on it is suffi- 
cient to cause the air to expand. 
Q Q But this degree of sensitiveness is 

really too great to be serviceable in 
practice, since other causes besides 
changes of temperature — such as 
pressure of the atmosphere — causes 
expansion or contraction. 

Pig. 41 is an air-thermometer, 
made in a form called a differ- 
ential thermometer, consisting 
of a tube of ^lass terminating in 
a globe at each end. This tube is 
bent, as shown in the figure, and is 
partially filled with a coloured 
liquor, which, by its weight, settles 
in the lower part of the tube, rising in both arms. The upper 
parts and the two bulbs are filled with air. If either of these be 
neated more than the other, the air in that one is expanded and 




Fig. 41. 
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drives down the liquid. Bat this, when so driven down in 
one axm, mnst rise in the other, and this it can only do W com- 
pressing the air in the cooler bidb. So that the amount of move* 
ment in the Hquid column is determined by the force of expansion 
in one bulb of air over the resistance to compression of the air in 
the other bidb. No change of temperature m the room has any 
effect, because it afifects both bulbs alike. If I apply the same 
amount of heat to each bulb, I confer on each an expansive force, 
and these two forces counteract each other — the liquid, being 
equally pressed at both ends, remains stationary. Consequently 
the movement of the liquid, which is marked on the registers at 
the side, testifies, not to the absolute presence of heat, but to the 
presence of more on one side than on the other, to the difference 
of the amounts present ; hence its name of differential thermo- 
meter. Examples of its use are given in the discussion of trans- 
ference of heat. 

G^erall^ speaking, it may be said that solids expand and con- 
tract too little, and gases too much, to be available as thermo- 
meters. Turning our attention to liquids, it will be found that 
Mercniry (which is the only elementary substance that remains 
UqjridSU ordinary temp Matures) ia le most convenient An 
oroinanly good thermometer should measure temperatures vary- 
ing from several degrees below the freezing-point of water to 
several degrees above the boiling-point. By means of mercury 
(which freezes only at a temperature much below that of ice, and 
volatilises only at a temperature very much above that of boiling 
water) this can be effected. 

(11.) The Thermometer. — A fine column of mercury is en- 
clG«ed in a glass tube of small bore, and filling only a portion of 
it The remainder of the tube is a vacuum, the air having been 
carefully excluded. Heat causes the mercury to expand, and so 
fills more space in the tube ; cold causes its contraction. The 
tube containing the mercury is fixed on a small wooden frame, 
the sides of which serve as the register. The tube so partly filled 
with mercury is put in ice, which causes the mercury to contract. 
The point to which it descends is noticed, and a mark put on the 
frame at the side. Whenever the thermometer is exposed to the 
same degree of cold it will contract to the same extent. When, 
therefore, we see that the mercury stands at that point, known by 
the mark against it, we know that the temperature is that of 
freezing water. The same tube is then placed in the steam of 
boiling water, which expands the mercury. The point to which 
it expands is now marked, and becomes the boilii^-point of the 
thermometer. These two points, the freezing and boiling of 
water, are taken because they are always the same, and because 
between these two the mercury expands and contracts several 
inches, thus enabling intermediate temperatures to be marked 
with clearness. 
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These two points, the freezing and th& boiling points, are thus, 
the foundations of the thermometric scale — ^the standards with 
which all other temperatures are compared. Thus we speak of 
one as being so mucn below the freezing-point, of another as so 
much above it, of a third as so much above or below the boiling- 
point. 

Then comes in an important point for consideration. How 
shall these comparisons be expressed? Practically there are 
three methods in use, and the following diagram will show 
the three, with their differences. 

These all agree in the position of the freezing and boiling points, 
as being those of the freezing and boiling of water. They differ 
R P f. in. each having the space between these 

points, and above andbelowthem, divided 
m a special manner. In the Centigrade 
thermometer the space between the two 
fixed points is divided into 100 equal 
parts ; in the Reaumur the same space 
IS divided into 80, and in the Fahreimeit 
into 180, equal divisions. In all three 
these divisions are carried above the boil- 
ing-point and below the freezing-point, 
and marked in continuation. In the 
Centigrade and Keaumur the degrees are 
2i\. marked upwards and downwards from 
the freezing-point ; in the Fahrenheit they 
are markedupwards and downwards from 
0- • a point 32^* oelow the freezing-point, so 
that water is said to freeze at 32° Fahr. 
But it must be carefully remembered 
that a thermometer can only express 
what is called temperature — it cannot 
measure or express heat. Thus a ther- 
mometer placed in freezing water would mark 0° C. or 32° F., 
whether the quantity of water were large or small, although ob- 
viously there must be more heat in a large than in a small quan- 
tity. Again, if placed in steam, a thermometer would mark 100° 
C. or 212° F., whether the steam were issuing from a tea-kettle oi 
a locomotive boiler. Also, whatever heat was forced into steam 
would not, however great the quantity, be expressed by the ther- 
mometer, which woiud not rise above 212* F. or 100° C. Natur 
rally this must be so, for the thermometer is not a thinking being, 
but a physical agent. It acts only by the expansion of the mer- 
cury, which can only be ejected by the heat given out, and not 
by that contained^ by any given substance. 

This heat given out is the temperature of a body, the heat coiv- 
tained is the Iieat of it. The temperature can be expressed by the 
thermometer ; we have no means of measuring the heat contained 
in a body except approximately and by indirect methods. 
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(12.) The Pyrometer. — When the temperature is above T^hat 
can be measured accurately by the thermometer, anotherinstrument, 
called a pyrometer, is used^ the principle of which is really the same. 

The expansion of a liquid is a better test of temperature than 
that of a solid, which is very small, or of a gas, which is invisi- 
ble. But when the temperature is 
so great tiiiat it would vaporise any 
liquid, we can only measure it by 
the expansion of a solid. Thus in 
"Daniell's Pyrometer" a piece Ox 
platinum is enclosed in a tube of 
plumbago, and exposed to the tem- 
perature to be measured. The ex- 
pansion of the platinum is mea- 
sured on a scale, which is marked, 
as in the case of the thermometer, 
according to the expansion effected 
by temperatures that are already 
known. 

Another pyrometer is a metal 
ball and a vessel of cold water. 
This is used for measuring the heat 
of furnaces. A steel or platintim 
ball is placed in the furnace at the 
end of a long rod. When it has 
acquired the same heat as the fur- 
nace, it is made to roll down a tube into a vessel having a known 
quantity of cold water at a known temperature. The heated 
ball raises this temperature, and by the amount of this increase 
expresses the temperature of the furnace. It is easy, by measur- 
ing the rise of temperature in the water (the relative volumes of 
the water and ball oeing known), to estimate the heat of the ball, 
and therefore of the furnace. 

A solid thermometer is also made by fastening together three 
thin strips of metal, one gold, one silver, the third platinum. 
These expand unequally when heated ; silver increasing in length 
1 in 524, gold 1 in 682, platinum 1 in 1131, for 100° C. There- 
fore if the temperature of a coijipound bar formed of these three 
metals be increased, it will bend on one side because of the greater 
expansion of the silver and the less expansion of the pl&tiniun as 
compared with that of the gold. On the contrary, if the tempera- 
ture be diminished, the bar will bend the reverse way, because of 
the greater contraction of the silver and the less contraction of 
the platinum as compared with that of the gold. By observing 
and registering the amoimts of curvature for given temperatures, 
such a compound metal bar may be used as a thermometer. It is 
more convenient to have the bar made in a curl, as a watch-^nng. 
Such a spiral will be curled still more by heat, and partially un- 
curled by cold, or vice versa. 




Fig. 43. 
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Another method of measuring high temperatures has been 
recently tried. This is by decomposing marble by heat, and 
measuring the tension of the carbonic acid set free. 

(13,) The Thermo-pile. — ^Expansion is not the only property 
of neat, and though this property, as used in the thermometer and 
pyrometer, is useful to show variations in temperature, it is neces- 
sary that we should have a much more refinea and delicate test of 
change than either of these instruments. For this we have to 
turn to some other property of heat, and we find that it has the 
power of developing, or being developed, into an electric current. 
Thus, if I make a metallic hoop, one naif zinc and the other half 
copper, and place a source of heat, such as a candle, at one of the 
pomts where the metals are joined, I find that an electric current 
IS excited in the wire. The explanation of this result seems to be 
that the current of heat passing by the copper travels faster than 
that passing by the zinc, and whenever two unequal currents of 
heat come mto contact, the result is an electric current. Why it 
should be so I am not able to tell you. 

By using this property of heat, 1 am able to construct a very 
delicate thermometer, called a thermo-pile. I require two 
metals of different conducting powers for heat, and some way of 
showing the presence and intensity of the current generated. The 

two metals usually 
employed are \>il 
muth and antimony, 
because they differ 
so much in their con- 
ductivity for heat ; 

Pig. 44. Fig. 46. a»d inst^d of being 

arrang'cd m a hoop, 
they are placed in straight pieces, side by side, one of each metal 
alternately. Fig. 44 represents the end view of a pile of bars of 
antimony and bismuth, separated by non-conductors, and joined 
only at the ends. By using a number of bars, the effect is greatly 
increased. "Fig. 45 shows a single row of bars. 

But how shall I make the existence and amount of the current 
appreciable? A feeble current ^of electricity passing through a 
copper wire does not show any signs of its presence. I have ex- 
plamed, in a later part of the book, how this is done, and for the 
present will assume, without explanation, that a current of elec- 
tricity will deflect the needle oi a galvanometer, if it be allowed 
to pass through it. By connecting a galvanometer to the ends of 
the thermo-pile, by means of a wire, I may detect the presence of 
a current, and the amount of deflection will also show the strength 
of the current. The thermo-pile may also be a measure of diminu- 
tion of temperature ; for if any cold body, say ice, be placed near 
the face, a current of electricity will be excited, as usual, but pass* 
Ingin the opposite direction. 
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The most serviceable metals for this purpose are bismuth and 
antimony ; but bismuth, nickel, lead, tin, copper, platinum, silver, 
zinc, iron, and antimony, mav all be used. If any two of these be 
taken, and heat be applied, the current will pass across the heated 
point from the first to the last mentioned in the list 

(14) Nature of Heat. — In most books it has been the custom 
to speak of heat as an entity, as something requring space and 
exerting force, but so delicate as to be absolutely invisible and 
without weight. The various effects of heat are considered as 
being the results of the movements and actions of this substance. 
Thus expansion is spoken of as being caused by the heat being 
forced into the interstices of any body, however dense, when it 
is heated. Contraction or compression is said to develop heat, 
because, by the particles of the compressed body being forced 
more closely together, there is less room for the heat to occupy. 
If I soak a sponge in water, it swells : if I compress the sponge, I 
expel the water. So, only in a very much less de^e, it is sup- 
posed that heat increases a body by filling its interior spaces, and 
that this contained heat can be expelled by compression. In 
radiation it has been said that inconceivably small particles of 
this " heat" are emitted on all sides in straight lines ; while 
''conduction" is the passage through any body of these small 
particles. 

But another theory, called the "dynamical theory of heat," 
regards the phenomena of ''heat" in a different manner. Heat 
is no longer a cause, but simply an efiect ; we can no longer speak 
of forcing heat itto a substance, or out of it, but of it as having 
its particles set into vibration so as to communicate to us the 
sensation of warmth. 

I take a small lump of iron and suspend it over a spirit-lamp. 
In ordinary language, it gets warm. According to one theory, I 
have forced heat into it, have filled its pores with heat ; according 
to the other, the particles of the iron that are nearest to the lamp 
are set in vibration by its heat, and these vibrations communicate 
a similar motion to the adjoining particles, and these to the next, 
and so on, until the whole of the iron is in motion, and this 
inotion is heat — that is, a body so vibrating possesses sil the pro- 
perties of a " heated " body, 

I place a small tube partly full of water over a spirit-lamp. 
The water at the bottom is heated, and being thus expanded, 
rises to the top, canying its heat witn it. The next layer, falling 
to the bottom of the tube, is in turn heated, and also rises. In 
this way the whole of the water is heated. The only difference 
between this and the heating of the lump of iron is, that the heat 
of each particle is carried away, instead of making its way from 
particle to particle. In thus heating the water, I have, by one 
theory, forced heat into the interstices of it ; by the othei^ 1 \^a:^^ 
set each particle of the water in vibration — l\iQ 'pai:^<(^<^ ^T^tsXi- 
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ing being driyen sway from the source of heat, and continuing to 
vibrate by virtoe of the impnlae oiiginally imparted, 

(15.) Similarity of Idght and Heat. — Heat is in many re- 
spects governed by similar laws to those of light and sonnd. 
Heat and Light both radiate from any sonrce in straight lines ; 
they are each reflected from smooth sur&ces ; each has the pro- 
perty of passing through many substances. But they differ in one 
very important point. If a l^hted candle and a jug of hot water 
be placed on a table together, we have light and heat side by 
side. The light can be at will extinguished in an instant, but 
the heat cannot be so summarily got rid o£ The room is at once 
darkened if the candle be extinguished, and the light absolutely 
ceases ; but the heat cannot be so annihilated — ^it must be re-' 
moved. If left on the table, the water will gradually cool, be- 
cause the heat will pass away to the air, and, being diffused over 
a larger surface, be imperceptible to our senses. But it is removed, 
not destroyed ; and tnis constitutes one remarkable distinction 
between light and heat — that whereas one is an effect, and can 
be ended at will, the other seems to possess more the properties of 
an entity, or actual being, and cannot be done away with. But the 
difference is more in our powers of perception than in the vibra- 
tions themselves. The smallest light is perceptible if it fall on 
the eve, but we do not so readily feel heat. Moreover, it is proba- 
ble tnat light is but extreme heat. 

(16.) Transference of Heat. — The gradual heating of a 
lump of iron by the passage of heat along its particles, or by the 
continual communication of vibration from particle to partite, is 
an example of " conduction ** of heat. The gradual heating 
of water, by each particle carrying away its own heat — i.e., by 
each particle receiving its vibrating action direct from the source 
of heat, and not by conduction — is an example of " convection *' 
of heat. 

Solids are gradually heated by conduction, liquids and gases by 
convection. 

I suspend a heated ball of copper in a room, and I feel heat to 
be given off from it on all sides. According to one theory, heat, 
as an imponderable invisible fluid, is emitted from every point of 
the heated body ; according to the other theory, the bail being 
hot, is in a state of vibration, and communicates this vibration to 
the particles of gas or ether which is supposed to fill all space, 
and the vibrations of the ether being communicated to surround- 
ing objects, set their particles also in vibration — i.e., heat them. 
In this example heat is said to be radiated. 

If I place near this ball a tin plate, one half brightly polished, 
and the other half coated with a layer of lamp-black, it will re- 
ceive heat from the copper ball, but the part coated with the lamp- 
black wUl absorb or retain much more, of the heat than tne 
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polished portion. It will be found that the heat falling on th6 
bright part is mostly reflected, while that fedling on the black part 
is retained. This absorption of heat is the reverse of radiation. 

The two terms, oonduotion and oonveotion, describe the 
gradual reception of heat by a body in communication witJi the 
source of heat. Badiation and absorption represent the giv- 
ing off and reception of heat across an interval of space. Thus, 
if 1 place a metal on the fire it receives heat by conduction, but 
if I suspend the ball before the fire at some little distance, it is 
warmed by absorption of the heat radiated by the fire across the 
intervening space. A kettle of water on the fire is warmed by 
convection. 

If I hold a cold piece of metal near a heated piece it will receive 
some heat from it. The quantity of heat so raaiated and absorbed 
will increase as I bring the two bodies closer together, and when 
I decrease the distance imtil they are in actual contact, the radia- 
tion and absorption will become conduction. 

Convection' C ^^P®^^ upon the nature of the substance heated. 

Absorotion \ ^®P®^^ upon the surface of the substance heated 

But it must be considered radiation is not a method of transfer, 
but the fact. It means that heat, force, 
energy, vibration, whatever we agree to call 
it, is given off on all sides by a heated 
body. To show more clearly what I mean, 
suppose a heated ball of iron placed on the 
apex of a pyramid of metal, and below a 
vessel of water, heat would be radiated in 
all directions, but the passage upward through 
the vessel A would be by convectiony down- 
ward through B by conduction, across the air ^^^' ^• 
in C and D by radiation, to use the ordinary term, but really by 
both conduction and convection. 

If two iron balls be heated to the same degree, and placed side 
by side — one on a metal stand, and the other on a thick woollen 
mat — it will be foimd that one will cool much more rapidly than 
the other. The one on the metal stand will have its heat carried 
away by the metal, which is a good conductor ; while in the other 
ball but little of the heat will be carried off by the wool, which is 
but a bad conductor. 

If there were two cisterns equally full of water, one with an 
open pipe to carry off the water, but the other with a pipe closed 
by a porous plug, through which the water could percolate but 
slowly, then we should have the parallel to the two balls full of 
heat ; one supplied with metal conductors to carry off its heat — 
the other only able to give out but a small amount, with difficidty, 
through the woollen mat. 

Both balls wSl also gradually cool by radiatiouL oi ^€a \3kabiu 
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into tlie aiz^ and tliis at eqnal lates if the balls be of equal mze. 
Bat if tb^ be coveretL one with a bright metal eover not in con- 
nection with the metal stand, and the other with a ronfi^ porons, 
earthenware one, then the bright metal cover will allow of but 
little radiation, while the rongh porous corer will permit the heat 
to pass off fredr. The point to be noticed here is that the metal 
stand carries off the heat, while the metal cover retains it Whv 
is this ? The metal stand allows the heat to pass readily throngn 
it to the floor, and to become thus diffosed throughout the room 
generally. But the metal cover, though a good conductor, is not 
m communication with anything but me air. Heat, therefore, can 
only escape from it by ramation ; and a brightly-polished surface 
being uniavourable to this, the heat escapes but slowly. 

If two kettles of water be placed near a fire, one above it and the 
other below, the water in the one above the fire will boil much 
sooner than the one below it. In this case the heat ^vill be com- 
municated in a manner different from either conduction, as in the 
case of metals, or radiation, as in the escape of heat into the air. 
The water at the bottom of the upper kettle will be heated by the 
fire, and, being thereby expanded in size, will become lighter than 
the cold water above it, and rise to the top of the kettle. In this 
way each layer of water will become heated and rise in turn, until 
at last the whole will boil. But in the case of the kettle below 
the fire, the upper layer of the water vnH be heated, and will re- 
main at the top, 60 that the heat can only get down to the cold 
water beneath by the process of conduction, as in the case of a 
solid ; excepting that, the particles of the water being less com- 
pact than in a solid, the process will be even more slow. 

These facts will illustrate the transference of heat by the three 
processes of radiation, conduction, and convection. Badiation is 
the projection of heat from any substance of which the tempera- 
ture is nigher than surrounding objects. Conduction is the pas- 
sage alon^ any substance ^such as a metal) that allows heat to pass 
through it. Convection is when each particle of water as it be- 
comes heated moves farther from the source of heat, carrying its 
heat with it This last process is only possible in the case of a 
liquid or gas. Also notice that conduction and convection are the 
methods of radiation — the two ways in which heat can radiate or 
pass oil' from a body. 

(17.) Oapaoity fbr Heat — i.e,, Specific Heat. — If ice be put in 
warm water it will gradually melt ; but though the water will lose 
in temperature^ the melting ice will not gain. It will remain at 0% 
botli ice and water, until 9ie whole of it becomes water ; that is, 
the heat abstracted from tlie water will be used in separating the 
particles of ice, and in imparting vibration to them. It will also 
tr^ to raise their temperature ; but the ice that is still unmelted 
will iiumediatelv abstract this free heat, as it may be called, and 
Bppljr it to itself; ao tiiat the whole heat will, so long as any ice 
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remains, be used in fjoorh, and will tberefoie be impercentible 
as beat — or, to use tbe now almost obsolete term, will be laieni 
heat. 

Again, if water be boiled, tbe temperature of tbe steam will not 
rise above 100° C, because all the beat above that is abstracted 
from it by tbe remaining water. 

If water at 80° and mercuiy at 20° be mixed in equal weights, 
tbe temperature of the mixture will not be 50°, as might at first 
be expected, but 78°. 

If water at 80° and mercury at 0° be mixed in equal weights, the 
water will sink about 3° and the mercury will rise 77°, the result- 
ing temperature of the mixture being about 77°. 

If water at 0° and mercuiy at 100 be mixed in equal weights, 
the result wHl not be as before ; the water will rise about 3°, and 
the mercury sink about 97°, the resulting temperature being only 
a little above 3°. 

If water, mercury, and alcohol be exposed to heat in equal 
weights, it is found that the mercury rises 30° and the alcohol 
nearly 2°, while the water rises 1°. 

If zinc, tin, and lead be similarly heated, the lead will rise 3° 
and the tin nearly 2°, while the zinc rises 1°. 

If oxygen, hydrogen, and steam be heated in equal weights, and 
under similar conditions, the oxygen will rise 15°, the steam about 
8°, while the hydrogen rises 1'. 

So that not only does the same quantity of heat produce differ- 
ent effects upon solids, liquids, and gases, but has different effects 
upon different solids, liquids, or gases. Of all bo(ues, hydrogen 
seems the least affected by heat — i.e,, requires most heat to produce 
any given rise in temperature. Next comes water, which has a 
greater capacity for heat — i,e^ will receive more with less result — 
than any other known solid or liquid, and greater than any gas, 
hydrogen alone excepted. 

Next is lithium, which has a capacity for heat nearly equalling* 
that of water. 

Hydrogen is the lightest of all known substances, and has the 
greatest capacity for neat — that is, it is the least affected by it. 
Lithium is the lightest known metal, and of all solids has the 
greatest capacity for heat. Lead, mercury, platinum, bismuth, 
are all heavy bodies, and all have but little capacity for heat — 
that is, they are all readily affected by it. 

So that, speaking roughly, we may say that the heavier or 
denser a body is — that is, the more matter it contains in a given 
volume — the more rapid and extensive is the action of heat upon 
it; and the lighter any body may be — i.e., the less matter it nas 
in any given space — ^the less readily does heat affect it, probably 
because of the greater distance between the atoms : for it must be 
borne in mind that the laws of which science teaches us the nature 
know no distinction between large and small •, to tbero. Ti'SiXJsiSsi^ 
is too vast, no^inng too minute. The distance \)^tw^%ik V^^ ^* 
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iacent atoms of a gas is as real a distance, and affects die power of 
neat just as truly, as that of the sun from the earth. 

We say the specific heat of water is 1 — i, e., we take as unity 
that amount of heat which will raise water to any given temper- 
ature, say from 0® to 1° C. I raise 1 lb. of water from 0° to 1°, 
and measure accurately how much gas, or candle, or whatever 
source of heat I use, has been consumed. This becomes a standard 
of heat. I apply the same amount of heat to 1 lb. of mercury, 
and find I have raised it 30° ; or I raise 1 lb. of mercury from 0° 
to 1°, and find I have only used ^ of the fuel the 1 lb. of water 
required ; or, lastly, I raise 30 lb. of mercury from 0° to 1°, and 
find that I have used only as much fuel as 1 lb. of water required. 
From any one, or from all, of these I deduce the fact that water 
requires 30 times as much heat as mercury to raise it to the same 
temperature. 

To express this, I say that if the heat required by water be 1, 
then that required by mercury is aV of 1, or .033 ; or if the heat 
required by mercury be 1, then that required by water is 30. 
The former is the method usually adopted. In the same way we 
express the specific heat^ or capacity for heat, of any other body. 
The capacity of water being taken as 1, and being also greater 
than that of any other substance except hydrogen, the specific 
heat of any other substance will be less than 1 — i,e.^ will be a 
decimaL 

(18.) Methods of Estlmatiiig Specifio Heat. — In this as in 
all other experiments we deduce what we seek from what we 
already know. Thus I put 1 lb. of lead at Z(f in 1 lb. of water 
at 0°, and I find that the lead cools very much more than the 
water warms. Finally, they have the same temperature, about 
l^ From this I deduce that the same amount of heat that raised 
the lead from 1° to 30°, and which has been transferred to the 
water, will only raise the water from 0° to 1° ; and that, therefore, 
the specific heat of lead is about ,V that of water — i.6,, .0314 really* 
In tne same way I find the ratio of the heat required for any 
other substance as compared with that required to produce the 
same effect on water. 

A second method is to place any heated body beside the same 
weight of water raised to the same temperature, and to notice the 
respective times of cooling to the same degree, or (what is the 
same) the degree of cooling that each has in any given time. Thus 
I notice the time that 1 lb. of water takes to cool from 1° to 
0°, and also the time that 1 lb. of lead or tin, or any other sub- 
stance, takes for the same. If one be mercury, and cool 30°, while 
water cools 1°, then we deduce that the same amount of heat is 
given off by each, and that the heat required to raise 30° is equal 
to that required to raise water 1°, as before. 

A third method is to notice how much ice can be cooled by any 
given weight of a body in cooling from any given temperature to 
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0' C. This is done by enclosing the substance in a vessel other- 
wise filled with ice, and having an opening at the side. The heated 
body melts the ice, and the amount of water poured off is weighed. 
Thus 1 lb. of water in cooling from 80* to 40° will melt more 
ice than 1 lb. of mercury in cooling the same degree. The one 
quantity would be about 30 times the other, from which again we 
deduce that the specific of mercury is ^ that of water. 

It might be asked, Why need there be three methods ? Why 
does not one suffice ? To which it may be replied that not even 
aU the three suffice to give perfect results. The first — that of 
mixture — ^has the weak point, that heat is lost in warming the 
vessel, and by radiation from its external surface ; the second — 
that of melting ice — which was devised to prevent this loss of heat, 
faJls in that the water formed by the meltmg of the ice does not 
all run off, some remaining amongst the ice ; the third — that of 
cooling — fails in that the two cooling bodies have not equal sur^ 
faces, and therefore the radiation is not on equal terms. To 
counteract this, equal volumes, not weights, are taken, and the 
results calculated accordingly. 

(19.) Causes affeotin? Specific Heat. — ^As might be ex- 
pected, the same substance has not always the same specific heat ; 
and it then becomes necessary to ask, What are the circumstances 
that alter the capacity of a boiiy for heat ? and to what extent do 
these affect it ? 

We say one body has a greater capacity for heat than another 
when it requires more heat to show the same temperature. We 
have seen (p. 60) that heat has more to do in a solid than in a 
liquid body ; therefore, may we not reasonably expect that if we 
expose the same body both as a solid and as a liquid to any con- 
stant source of heat, more of it will be absorbed by the solid than 
by the liquid 1 If we put ice and water before a fire, the ice will 
rise nearly 2° for every V that the water rises. Lead also, if 
placed both as a solid and as a liquid, will rise 4° as a solid for 
every 3° as a liquid. And by furtner experiment, we may find 
that any substance in its solid form rises in temperature more 
rapidly than when in the liquid state. This is precisely the re- 
verse of what we looked for. We expected a solid to nave the 
greater capacity for heat, and we find it to have the less. 

This is one more example of the necessity of distinguishing be- 
tween heat and temperature. Heat is the force within the body ; 
temperature is the portion of that force which is capable of affect- 
ing any other body. Heat is the amount of force stored up, as it 
were, in the whole volume of the bodv, and increases with the 
volume-; temperature is the amoimt ol force which is upon the 
surface, and increases with the number of atoms in the surface. 
If a number of atoms be vibrating with a certain force, their com- 
bined force will be more effective if the atoms be close together 
than if they be separated by considerable intervals. So that the 
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atoms of a liquid muflt liave a greater vibration in each atom than 
the atoms of a solid, to produce any given effect Hence moie heat 
most be supplied to a liquid than to the same substance when 
solid, for the same rise in temperature ; and this because of the 
greater distance between the atoms in the liquid. 

Following out this reasoning, we should expect to find that a 
solid at a low temperature had a less specific heat than the same 
substance at a higner temperature ; and this we find to be true, 
not only of solids, but also of liquids. To state the law broadly, we 
may say that of any substance, solid or liquid, the specific heat — 
i.e., capacity for heat — arises with the temperature, being greatest 
for the highest, and least for the lowest. Thus iron below 100^ 
C. has a capacity for heat of .1098, but above 100° it has one of 
.1218. So mercury rises from .033 to .035, and copper from .095 
to .101. Platinum does not vary in this way ; but this is pro- 
bably because of its hij^h melting-point, for this has a ^reat influ- 
ence — showing that it is the loosening and separation of the 
atoms that affects the capacity for heat in the way I have men- 
tioned. 

In liquids the same holds true. Water below 40" has a specific 
heat of 1.0013 ; below 80", of 1.0035. Bromine below 13" is .105 ; 
and above 13" it is .112. 

Following out this reasoning, that the specific heat of any sub- 
stance when liquid is ^eater than when solid, and that in either it 
is greater at a higher than at a lower temperature, we should ex- 
pect to find the specific heat highest of all when the substance was 
in the gaseous form. Appealmg to experiment we find, — ice, 
.504 ; water, 1.000 ; steam, .480. This is the reverse of what we 
expected. So far from having a specific capacity higher than the 
liquid, the gas has one less than the solid. Here agam our reason- 
ing seems to be at fault, but only because we have not carried it 
far enough, and taken into account all the circumstances. 

In a gas, all that heat has to do is to expand it and raise the 
temperature. There is no separation of atoms to be effected, 
therefore a greater jportion of the heat is free to raise the tempera- 
ture in a gas than in either a solid or a liquid, and therefore less 
heat is required to produce any given effect — i.e., its capacity for 
heat is less. 

Lastly, if we take equal volumes of two gases, one more dense 
than the other, which will have the greater capacity for heat ? — i.e.. 
which will require the greater amount to proauce any given effect? 
Arguing from our previous experiments, we would say that the 
more dense gas would require the more heat, by reason of its 
greater compactness, which would counteract a part of the heat 
applied. Aad in this we should argue rightly. The denser gas 
has the greater capacity for heat. 



(20.) Atomio Heat. 




iM^/x^ A\/ nmy 


>«»'&• f « 




Bpeciflo 
Oravity. 


Bpeciflo Heat. 


Atomio 
Weight. 


Atomio Weight 

X Bpeciflo 

Heat. 


SOXJSB. 










lithium, . . 


0.593 


0.9408 


7 


6.5856 


Sodium, . . 


0.972 


0.2934 


23 


6.7482 


Zinc, . . . 


6.862 


0.0955 


65 


6.2075 


Tin, . . . 


7.285 


0.0562 


118 


6.6316 


Copper, . . 


8.788 


0.0951 


63.5 


6.0388 


11.445 


0.0314 


207 


6.4998 


Gold, . . . 


19.358 


0.0324 


196 


6.3504 


Liquids. 










Alcohol, . . 


0.715 


0.6600 


20 


13.2060 


Water, . . . 


1.000 


1.0000 


18 


18.0000 


Mercury, , . 


13.596 


0.0332 


200 


6.6400 


Oasis. 










Hjrdrogen, . 


0.069 


3.4090 


1 


3.4090 


Nitrogen, . . 


0.972 


0.2438 


14 


3.4132 


Oxygen, . . 


1.106 


0.2175 


16 


3.4800 



It will be noticed that the specific heat of any solid multiplied 
W its atomic weight gives always very nearly the same result. 
Thus the atomic weight of lithium is 7, of copper 63.5 ; so that 
if we take an ounce of each, then whatever number of atoms of 
lithium we have, the ounce of copper would contain but one- 
ninth as many. 

Thus again, if we take a small quantity of lead, and, having 
weighed it, take also equal weights of gold, copper, tin, zinc, 
sodium, and lithium, then for every atom of lead, we should have, 
of gold rather more than 1, of tin nearly 2, of zinc and copper 
about 3 each, of sodium 9, and of lithium nearly 30 atoms — t. «., 
the heavier each atom, the less, necessarily, is the number of 
atoms required to make up any given absolute weight. 




and if we divide the specific heats by the numbers of atoms so 
present in equal weights of various substances, we shall have, as 
quotients, tiie specific heats of atoms of each. &u\)&\aiie&. 
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Atomic 
Weight 


Number of 

atoms present 

in equal 

•weights, 10 

atoms of lead 

being 1. 


Specifio Heats 
of equal 

weights, water 
being 1. 


Specific Heat 

of one atom 

of each. 


Lithium, 
Sodium, 
Copper, 
Zinc, . , 
Tin, . 
Gold,. . 
Lead,. 


• 

• < 




7 

23 

63.5 

65 
118 
196 
207 


295.7 
90 
32.4 
31.8 
17.5 
10.5 
10 


0.9408 
0.2934 
0.0951 
0.0955 
0.0562 
0.0324 
0.0314 

• 


.00311 

.00326 

.00296 ! 

.00300 

.00321 

.00308 

.00314 



The last column shows that (allowing for the inevitable inac- 
curacies attendant upon mathematical calculations of this kind) 
the specific heat of an atom of any substance is most probably the 
same, and that the difference in the specific heats of different 
bodies arises from the varying numbers of atoms present. 

This may be proved also by multiplying the atomic weight of 
a body by its specific heat (as in the last column of the table on 
preceding page), the result in all cases being nearly the same. 

(22.) Exohange of Heat. — If any substance be heated, it 
gives off heat in all directions. It cdso receives heat from any 
other body near it. In this way all bodies tend towards equa- 
bility of temperature, just as several connected vessels of water 
have the same level. When I put a lump of platinum, a bottle 
full of mercury, or of hydrogen, near any source of heat, as a fire, 
a lighted candle, or a spirit-lamp, the total amount of heat pre- 
sent in the two bodies is divided equitably between them as 
rapidly as possible ; that is, the platinum, mercury, or hydrogen 
wul become warmed from contact with the fire or lamp. This is 
the primary effect, the expansion being the secondary. If the 
expansion be prevented, the whole of the heat goes to producing 
the primary effect of heating, and the temperature rises more 
rapidly than when accompanied by the corresponding expansion. 

TaMng the " dynamical theory " of heat as the true one, the 
particles of a body are only absolutely at rest when at zero — i, e., 
when the body contains no heat. This is, however, only stating 
the same fact in other words. The theory supposes that the 
result of heating a body is to communicate motion {i, 6., vibration) 
to its particles. K these particles are close together, and attract- 
ing each other with the force of cohesion, as is the case in a solid, 
this vibration will tend to separate the particles ; just as if, in a 
crowd of men, each individual were to endeavour to swing hip 
arms to and fro. This would be the more difficult the closer the 



EXGHANOB OF HEAT. 79 

crowd) but would tend to separate its constituents, and would do 
so to some extent, unless entiiely prevented by the impossibility 
of more room beii^ occupied. 

If men be forced into a room until the room is quite full, and 
each has his arms pressed closely to his side, no amount of exer- 
tion wiU enable him to swing his arms to and fro, and his efforts 
to do so will only tend to make him hot. The case of these men 
is exactly parallel to that of particles of a solid body that is being 
heated, ana unable to expand. The body is unable to receive the 
heat, and the whole of it becomes temperature — i. e., affects other 
bodies near it ; but if the body can expand, a portion of the heat 
is so used, the particles are set in vibration, push each farther 
away, and the heat so utilised really ceases to be heat, and does 
not affect the temperature of the body. That is, the same heat 
cannot affect two bodies at the same time — cannot cause the ex- 
pansion of one, and at the same time be given off as temperature 
to another. 

If I put a heated ball in cold water the ball cools and the 
water is heated, imtiL both have the same temperature. Not 
until each has the same amount of heat — ^because this depends on 
the quantity and specific heat of each — ^but until both are in the 
same state of vibration ; i, e., until the whole quantity of heat 
present in the two is diffused over them both, not in equal quan- 
tities, but in such quantities as will, whatever be their biilks or 
specific heats, keep both in the same state of vibration, so that 
they may be considered as one body so far as the heat is con- 
cerned. 

This is true of any two bodies at different heats. When 
brought sufi&ciently near for the radiated heat from one to have 
an appreciable influence upon the other, each continues to ^ve 
off heat, the temperature of one rising, and of the other falbng, 
until both have the same. According to some theories, the trans- 
ference of heat still continues even after this, but in equal, and 
therefore compensatine, quantities. 

This transference ofheat from one body to another may happen 
in either of two ways — ^by conduction, or by convection. Ii two 
balls of iron be heated to different temperatures and suspended 
near each other, the heat will pass from one to the other through 
the air (or through a vacuum, if there be one), the heat being 
given off on all sides by each. If they be connected by a wire, 
this exchange will take place more rapidly, and equality will be 
sooner attained. If the hotter ball be placed below tne other, 
and they be connected by a glass tube nearly filled with water, 
the heat will rise from the lower to the upper through the water 
in a much greater degree than it will pass from the upper to the 
lower. 

In all three cases, through the air, the wire, or the water, heat 
will pass, but in different ways, and with different results in the 
same time. 
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(23.) Badiation of Heat. — If there be a Tacuum between the 
two balls, i^iej can only exchange or equalise their heats by the 
method of racuation — i,e., the heat is given off in straight lines, of 
which some impinge upon the other balL But if heat be a vibra- 
tion, how can these viorations pass through a vacuum ? This is 
a very important question, and the answer to it is not so clear as 
might be wished. 

n a bell be hun^ in a vacuum the soimd of its ringing will be 
inaudible, in fact it will not ring, because there is no air which 
can vibrate, and so convey the vibration called sound from the 
clapper to the ear: but the bell is distinctly visible if the vessel 
containing it be transparent; so that li^nt can evidently pass 
through a vacuum, or a substance too dehcate to be the medium 
of sound. 

Then comes another question : Is there such a thing as an ab- 
solute vacuum ? We know it to be very difl&cult, even with accu- 
rately-constructed machinery, to obtain what is ordinarily called 
a vacuum — i,e., the absence of any medium sufficiently dense to 
convey sound, to have weight, or to be appreciable by our senses of 
hearing and feeling. But when we have done this, may there not 
still remain some more subtle medium which, though it does 
not convey sounds, and seems to have no weight, may really eidst, 
and be the means of conveying the finer vibrations of light and 
heat ? That there is such a medium (usually called an ether) is 
the assumption made to account for the passage of light and heat 
through what is, in ordinary language, a vacuum. 

If there be such an ether, the heat is conducted by it, just as 
by a wire or any other solid conductor, except that its conducting 
power is very feeble in comparison, and the conduction, therefore, 
much more slow. So that between conduction and radiation there 
is no difference of kind, but one of manner only. Thus, in conduc- 
tion, the conducting body is usually limited in area, while in ra- 
diation it is unlimited, surrounding entirely the body giving off 
the heat. 

It is only because the conducting power of air or " ether" is 
very low in comparison, that the term radiation is used instead 
of conduction, fii fact radiation may be considered as a special 
case of conduction, in which the conducting medium has a low 
conducting power and entirely surrounds the heated body. This 
last restriction confines radiation entirely to liquids and gases, and 
it is generally confined to the latter, among which the ether may 
be counted as the rarest, using the word both in its literal ani 
general meaning. 

(24.) Conveotion of Heat. — Convection may also be con- 
sidered as a special caseof conduction, where the connecting medium 
is a liquid or gas, and the two heated bodies are connected verti- 
calljr. The lowest particles of the liquid or gas being heated by 
ordinary conduction, become thereby expanded, and lighter than 
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the colder particles above ; they consequently rise through them. 
The next row of particles, now the lowest, rises in like manner, 
and then the next row — ^and so on, until the whole body of the 
liquid becomes of the same temperature, — not, as in conduction, 
bv the passage of heat through the body, but by the conveyance 
of heat oy the particles as they rise. 

To use the vibratory theory : in conduction, the end particles 
being set in vibration, communicate this vibration to the next par- 
ticles, and these to the next, and so on ; but in convection, the end 
particles, when set in vibration, move upwards, continuing to vi- 
brate, and communicating this vibration not only to the next par- 
ticles, but, in a less degree, to aU the particles with which tney 
come in contact, distributing over the wnole body the heat which 
in conduction would be given only to the adjoining particles. 

(25.) Conduction of Heat. — Communication of heat from one 
body to another by means of a third is called conduction, which 
comprises all cases whatever of such communication if the exis- 
tence of the ether just mentioned be assumed, and if convection 
and radiation be considered as special cases of conduction. 

(26.) Variety in Conducting Po-w^er. — Dififerent substances 
possess this property of communicating heat in different degrees, 
metals being among the best, and air and elementary gases among 
the worst, conductors. The comparison of these is easily made 
by many methods. In the case oi solids (to which the term con- 
duction is generally confined) one method is by arranging pieces 
of different substance, of eaual size, so that an equal amount of 
heat is communicated to each one in the same time. 



Copper. 



SilYdr. 



mn. 




Bismuth. 



FlatiDnm. 



Lead. 
Fig. 47. 

^HicuB, if I take equal pieces of silver, copper, iron, brass, gold^ 

F 



S2 BEAX, 

tm^ tUtl, lead, tdatmimi, and MEmnth, andazm^ llieiii as radii 
cif a dicle, at the centre of which they me^ ai^ vpfAj to this 
junction, a tpurJrhaup, each will leceLve in a giren time an equal 
amoont of heat. The ccnnpaiatiTe lates at wmch the heat tncrels 
may he shown in many wa js. One is to place small pieces of 
phoftphoms, of eqnal sizes, at the extreme points of these ladii, 
and to notice the order in which they inflame, that which does so 
first having evidently received the most heat in the time. 

AnfAhfiT method is to attach small pellets of metal or wood hy 
wax to the extremities of the radii, and to note the times and 
order in which the wax of each melts from the heat communicated 
by conduction through the radii 

By tests of this kind it is found that silver conducts heat most 
readily, and that, taking this conducting power as unity, we have, — 

SUver, 1,000 Tin, 0.145 Lead, 0.086 

Copper, 0.736 Iron, 0.119 Platinum, 0.064 

Gold, 0.532 Steel, 0.116 Bismuth, 0.018 

BrasB, 0.236 

It must be borne in mind that this does not represent the amount 
of heat received by each body, this being the same in each, but 
the temperature — i. e., the amount not required to keep the body in 
vibration. So that at first this problem of conduction might seem 
to be but that of specific heat in another form, and therefore the 
heat ought to be conducted in a ratio inverse to the specific heats 
of the various bodies — t.e., the less the specific heat of a body, the 
more of any given quantity should be available for melting the 
wax or igniting the phosphorus. 

Wo have seen (p. 77), that in order of specific heats we have, — 

Specific Heat. Conduction. 
Copper, . . . 0.0951 0.736 

Tin, .... 0.0562 0.145 

Gold, .... 0.0324 0.532 

Lead, .... 0.0314 0.085 

But the second column shows that conductivity and specific heat 
arc not the same thinij ; for while the capacity for heat of copper 
is only three times the capacity of lead, its conducting power is 
nearly ton times as great. Also, while tin has a greater capacity 
for lioat than gold, it is not so good a conductor. Neither are 
specitio heat and conducting power in an inverse ratio. 

Sj>ecifio heats are measured by taking equal weights of different 
BubBtunces; their conducting powers are ascertamed by taking 
equal lengths. Specific heat is measured by noting the totfd 
umouiit of heat given off by the whole body in a given time ; 
coiuluctivity, by noting the time required for a given temperature 
to bo nnichetl at a given distance from the point of application of 
lu'ut If we connect tlie specific heat of a body with its conduc- 
ts FJ^/ hy means of its atomic weight and specific gravity, it will 
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probably be fonnd that there is more coimoctlon between them 
than has hitherto appeared. This is discussed more fully in the 
chapter on Conduotion. 

(27.) Inter-relation between Badiation, Gonduotiony 
and Convection. — It was lon^ the notion that heat was cori' 
ducted by solids, conveyed by liquids, and passed by radiation 
through gases, it being supposed that heat passed through air and 
other gases without affectmg them, or being itself dimmished by 
such transit ; but more careful observation and more accurate 
measurements have shown that gases, as well as liquids and solids, 
absorb heat, so that the term radiation really comprehends in its 
full meaning both convection and conduction. We may say 
generally that any two bodies brought into contact at different 
temperatures (not necessarily different heats), will gradually ap- 
proximate their temperatures until they become equal. They will 
then, so far as heat is concerned, become one body, and this ap- 
proximation of temperature will continue between any number of 
bodies. 

If one of these bodies be a liquid, the conduction of heat goes 
on in precisely the usual way, excepting that if heat has to pass 
upwaras through a liquid, the phenomena of convection intenere 
with liie ordinary method of conduction, while, however, they very 
materially assist it. It takes a long time to pass heat through a 
liquid by conduction, but not nearly so long when convection 
occurs. 

If one of them be a gas, especially air, oxygen, or hydrogen, the 
small quantity of the heat absorbed in its passage suggests at first 
the idea that it passes through entire as through a vacuum, but 
this arises from the small quantity of matter in the gas. 

(28.) Diathermaoy. — It may be said, generally, that no sub- 
staiice whatever is entirely diathermic (i. 6., allows heat to pass 
entirely through it), any more than any is entirely transparent. 
It is also worthy of especial notice that transparency and dia- 
thermacy seem to require different conditions, and to depend 
upon different structural arrangements. 



Solids. 


Diathermacy. 


Bock-salt, 


.92 


Iceland spar, . 


.39 


Plate-glass, 


.39 


Alum, 


.09 


Sugar-candy, . 


.08 


Ice, 


.06 



These numbers show the ratio of the heat found to pass through 
a plate of each substance 1-lOth of an inch thick. 
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ViaghmS' 


, JWjWiy 4 iu*Hif!t 


tum!r. 


1 

i 

1 O^lzi:^^;!, . . . 


J^'i 


OuYte^yil^ , . . 


:df) 


KtJxiSf, . , . . 


.TL\ 


1 }^uJ;>iLUJ*k ii^;i'i. , 


M 


; h\^/j\x'A. , , . 


.Vj 


W^Wi, . , . . 


.11 



,ai 



«tlCti. 



turn. 



Ajj, 

Kitrog^iu . - - 
Hrdrog*!!!, - - . 

Cilyrme, - - . 
Hvdrocljiojd€ ad<3- 



.6 



'V'iifc *iy/:mkX^ m tb* eoloiun f'jr li«pid* sbcnr tibe amonnt of 
Kisal iraftJimiXUA a« oc/wj^n^d with tli* wLokr anxmit falliiig on 
thi? <r«4 of iUfii tul>« <5ontaj«ing the liqiiid- Tims oil allows the 
l;;iriifii of rdiii*fr uiorn tlwn ^-^id* of the whole amount of heat, 
whiltj ihrou;4h wat/^r only l-lOth can pasg. The ocdiinm of figures 
for j,^!« iehow*f i\iiii while air, oxygen, nitrogen, and hydrogen all 
all/iw lix^Hv i\iii wltffhi of any heat ialling on them to paK through, 
u^^nhluii^ liut a little, chlorine ahsortrs 39 times, and hydro- 
chh/Hc &u;i/l ^2 time« wt much as these do. The experiments as 
vat hiH/Ui iht ufit nhow the ratio of the absorption by gases to that 
hy li/juid« tuui t^A'uUi, 

It will l>e w<;ll to ^et fairly into the mind what is meant by 
<Ii;ith<ti7rw/jy, tlixit it w the passage through any object, not of 
rn/iiUrt Imt of nufti/m, Tlius, I place between myself and the 
fiva a glaJM mvtkn, I find it screens my face from the greater 
pttii of tliij heat, liut that yet some heat reaches my face. How 
amtH that heat pans from the fire to my face? What is it 
tlmt \iiiHW*M through the screen ? The fire consists of burning 
cohI ; thix Mets the air in vihration ; the vibrating air comes in 
contact with the glass screen, and sets that in vibration ; the 
vibration of tlte ({lass sets in motion the air on the other side, and 
tliiM is the lieat X feel. 17iis assumes that heat is the vibration of 
ordinary matter. If we assume the theory of an ether, then the 
burning coals set in vibration the ether in the air, and also the 
ether in the interstices of the glass. 

But in eitiuir case, why does not the full amount of heat pass 
through the glass? Wliat becomes of the intercepted heat? I 
arrange six marbles in a row, at intervals of one inch. One of 
thunii the fifth, is much larger than the others. 



o o o o 




o 



Fig. 48. 



J j)roj)ol the flriit marble against the second, this moves against 
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the tliird, the third moves the fourth, the fourth the fifth, and 
the fifth the sixth. But while the fifth, the large one, receives 
nearly the whole of the force I imparted to the nrst, it does not 
give the whole of this to the sixth, which is moved but slightly. 
The greater weight of the large marble requires more of the force 
to set it in motion. So the particles of the glass screen require 
more force to set them in vibration than the air, and therefore 
there is less force to act on the air beyond the screen. 

But when the screen has been for some time exposed to this 
action it is heated to an equal degree, and is no longer a protec- 
tion, but the reverse : just as the large marble, when fairly set in 
motion, would cease to be a protection to the small one beyond. 

(29.) Direction of Heat-rays. — It being assumed that rays of 
heat pass off from every heated substance either by conduction or 
convection, it becomes now a subject of inquiry as to what direc- 
tion these rays take, and what changes this direction undergoes, 
as well as by what means these changes may be influenced. 

As to original direction, it may be simply said that heat, like 
hght, passes off in straight lines from any heated body, and that 
the direction of these straight lines is perpendicular to the surface 
of the body. If there be a single point, then the heat-rays pass 
off in straight lines in every direction. If the body be a sphere, 
or any shape approaching tne spherical, the rays also pass off in 
all directions from the surface, just as though from the point at 
the centre of the body. 

These rays keep their direction unchanged so long as the 
medium through which they pass continues the same. If they 
enter a denser medium their velocity is retarded, if a lighter it is 
increased. If such entrance into either a denser or lighter 
medium be at right angles to its surface, the direction of the rays 
remains the same, but if not at right angles it is changed. 

If a ray of heat strike upon a substance that it cannot penetrate 
it is reflected — that is, is bent back, just as a ball striking against a 
wall rebounds. If it fall upon the substance perpendicular^ — i,e., 
at right angles to its surface — ^it returns in the same line ; if it fall 
to the right of this perpendicular it returns as much to the left of 
it, and mce versa. 

The laws of Kadiation, Reflection, Absorption, Refraction, are, 
in their general principles, the same for Heat, Light, and Elec- 
tricity ; in fact, the fundamental principles of all branches of 
Physics are the same, modified only by the nature of the especial 
facts. It is more than probable that when we know more about 
the various branches oi the subject it will be found that Heat, 
Light, Actinism, Galvanism, Electricity, and Magnetism are but 
different phases of one great natural phenomenon, but the same 
harmony played in different octaves. 

Since tnese laws of Absorption, Radiation, &c., axe t\ife ^xcifc icrt 
all hranchea ofPhyaics, I have thought it bettei to diacws^ >iX^«». 



V^*<»t<*^'n?i- 'Vjo.'^^s^^ul iT-wiBTnini- Idimiciun. ^eEeeEain^ fi^ae- 
*'«'^., '7/w<»mm«r>a^ ixui rvuarmrtm. :xl -wTrira. -v^ k incui bodi 



';^/., JjtUmt Hit LhmffSKiism.'-Z iav» hHh^ ^ofen cf 

^,# *r9^*r9Xf ioi:vA> YtrAr.fi^ ^ mill ix ftsne iaam. iwaiasst. Tbe 
/^/nvMi Mi^^'it k 4.'/;>>tIaR sirXKO. ssii tv: y»st ftm^fcr ^ i iOiw c B 
#r#efK7 r/f; fp^^M m trbcdi tb!; fsa0ss;sj a^oed in tftt iocm cf beat 
fm'f ^fUUp^y ^irsMtyj^iU^ « best IfSzg vi!»:^ cu ni«t ed into mo- 
tj^/fi, // / ra>/ Vmhy,f:f:fA fA w»i Ti^>Por:*lT togetlitr, liie modon 
\t*'/'/mi^ ftniir^f t/mr^irUA into heai. If I pl^ a piece <^ ke 
/#^!«iir * fiPff hf!«t U euimlr eonrerted into motion — l&, Ae iee 
ffi^JUf ^nd ilff^M wA gd warm. 

t j4h^a Mymnd iA'vjttA l(f C, before a fire, and a tbomometer 
Ut iC h nM« In Unaymtar^ xxyto (f C. — say in ten minatee. 
/« ftn//ib^ Uin Titmnien it might be expected to rise to 10® C, bnt 
H fytmiintum at (f C until the whole is melted. All the beat that 
fulU mnm it dnrinp( the melting is entiieljr lost as beat, bnt is 
ifvi/l^it AM rmfiUm, Mnee in melting the narticles vibrate, and are 
InttmtiMl frtmi the cryiKtallised form. Uow shall I measnre the 
Af noil fit of h«;at that is so used and converted from beat to work ? 
'ntttrn nrn w^Vftral wars of doing this. If, when the ptound of ice 
U wholly rrwilt<wl, ana before the water so formed begins to warm, 
I ]i\MW h*i«i(l« it a stjcond poimd of ice at 0° C. (i.e,, just begin- 
tiltiK U) imAi)f I (*nn compare the results, and obtam the answer to 
irty iMiitMiloii. I lot the ice and water remain under the action of 
ilio ti*»ttt until tlio second pound of ice be also wholly melted, 
li will not ho wumuMl any more than the first poimd was. But 
wimt Is iho tomporuturo of the water? I find it to be 79® C. 
Tlmi In, ilin sunin nniount of heat that was required to melt the 
|M»m«l of Ion, without any increase of temperature, suffices to 
I'ulstt thn wntt^r hoslilo it from 0® to 79® C. 

A^rvlu. [ tuix A pound of water at 0® C. with a pound of water 
ni HH)** (1,, ttud 1 tfi»t two pounds at 60® C. — 1.«., the mean tem- 
^mmtutv* I now ndd a pound of water at 100® C. to a pound of 
♦»¥ «t 0** iX^ nnd I got stiU two pounds of water, but not at a tem- 
pt»hU\uv of ^^>** l\ Tho wt»tor resulting from the mixture of ice 
k\\\\\ Wrttt^r I* only wlnnit lO.ft® CX The difference between 50® and 
UVft*" l\vi* tw\» \HWuda X9i wiu«d to 79® for <me pound, and is, as we 
\\t^\1> *p<^\\^ \\\^ Amount v\f Wt required for the Hquefaction of the 

A^(u« it\ u«(u|{ tbt^ FWbT«]ib<^it measurement I mix a pofond 

vKlf w^l^ Al ^^^ R wilb a ivund of water at 212® F. {Le^ at the 

t\yiM(«v^ A\Hi KxiUix^ ivuit«, a» b«foK\ the result will be two 

)vnihi« Nsf vr^K^r M 122^ — that »» lh« 212* in one and the 

Af'' ^ Iht i^W wUl W iiiVMl V^^^bitt «fti v^ttlly divided: 
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212*»+ 32* = 244'' ; and 244* -^ 2 = 122. But a pound of ice at 
32° and a pound of water at 212* will give two pounds of water 
at 61*. Here 122*-51*=71*; and 71* for one pound represents 
142* for two pounds. 

So that the amount of heat required to liquefy one pound of 
ice, without producing any increase of temperature, is just the 
amount that would raise one pound of water from 0* to 79* C., or 
from 32* to 174* F. Or, conversely, it would raise 79 lb. of water 
1* a, or 122 lb. of water 1* F. 

It appears that in passing from the solid to the liquid condition 
of matter, water absorbs, as it were, a large amount of heat, which 
entirely disappears, except in its effect in producing liquefaction. 

The term ''Latent Heat" is applied to heat so absorbed, 
and seems to be appropriate, because the heat so absorbed is only 
latent, and is given out again if the Water be refrozen. 

The question will at once occur, " Is this a phenomenon pecu- 
liar to water, or is it general to all substances ?" Experiment 
shows it to be general, though the latent heat is greatest in the 
case of water. Zinc absorbs 28 units of heat, silver 21, tin 14, sul- 
phur 9, phosphorus 5, mercury only 2. By " unit " I mean the 
amount of heat required to raise one pound of water from 0* 
to 1* C By ** absorbing " so many units, I mean that in passing 
from the soud to the liquid condition the given body uses up, as 
it were, so much heat without any consequent rise in temperature. 

Vaporisatuyri, — The question will next present itself, "Are 
there, when a liquid is evaporated, anv phenomena corresponding 
to the * latent heat * of liquefaction V When a solid becomes a 
liquid, a larger or smaller amount of heat is required for the con- 
version. Is heat required in the same way for the conversion 
of a liquid into a gas ? We find, by appealing to experiment, 
that not only is heat absorbed as in liquefaction, but that the 
absorption is much greater in amount 

How can I estimate the amount ? By the same method as be- 
fore ? I can place steam at 100* C. and water at 100* C. together, 
expose them to equal heat, and shall find the steam to rise in 
temperature while the water is becoming steam without such 
increase. But the experiment is complicated by the necessity of 
confininff the steam, which would otherwise diffuse itself over the 
whole place. I can, however, work out the problem in a more 
simple manner. I place a pound of water at 0* C. over an 
equable source of heat, and note the time required to raise the 
water to 100* C, and also the further time required to convert 
the whole of it into steam. Let it take one hour to raise it to 
100° C— i.«., to the boiling-point. It will not immediately be- 
come steam, but will require more than five hours longer, the 
supply of heat being regular, for the whole of it to be evaporated. 
The amount of heat required to convert a poimd of water at 100* 
C. into steam will be found to be 636 imits of heat. If water did 
not become ateam until a very high tempeiaWi^, ^oj '^^^ ^•-^ 
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then a pound of water would be raised to 637° C. by tbe beat that 
now converts it into a pound of steam at 100° C, all beyond the 
first 100 units becoming latent heat 

In speaking of the latent heat of liquefaction, we noticed that 
water had a greater capacity for latent heat than any other body, 
in passing from the solid condition to the li(][uid, and I enumer- 
ated the amounts of heat converted into force in the case of several 
elements — zinc, silver, tin, &c. I cannot do this in comparing 
the latent heat of water and other liquids when evaporated, for 
the only liquid element, mercury, does not boil but at a very high 
temperature, and the elements that we are familiar with, as gases, 
can only be liquefied by great trouble and complicated apparatus. 
I cannot, therefore, compare the boiling-points and corresponding 
latent heats of several elements as I did their melting-points. 

But I can compare the latent heat at evaporation of many com- 
poimd bodies which are familiar to us both in their liquid and 
gaseous states. Thus, alcohol has a latent heat, at evaporation, 
of 202, ether 90, bisulphide of carbon 86, perchloride oi tin 30 ; 
these 4gui*es expressing the fact that at evaporation so many units 
of heat oecome latent — i. c, are converted into work. 

In both tables water stands first, as having the greatest ca- 
pacity for latent heat — i.e., as requiring more force. to melt and 
to evaporate it than any other body, simple or compound. 

(31.) Iiatent Heat compared with Specific Heat. — ^I 
have shown (p. 61) that if two equal quantities of gas be placed 
side by side, exposed to the equal action of the same source of 
heat, but one at liberty to expand and the other unable to do so, 
then they increase in temperature at unequal rates. The gas 
whose pressure is constant only rises 10°, and increases in volume ; 
while the gas whose volume is constant increases about 14°, but, 
of course, does not expand. What becomes of the force that in 
the one case is evident, and in the other latent ? The answer is 
evident. It is converted into motion, moving the atoms of the 
expanding gas. 

Let us trace this latency of heat through the changes of condi- 
tion and of temperature. In the solid state, the heat applied 
separates and moves the particles and raises the temperature. 
The portion of the heat that increases the temperature is evident 
as heat ; that which separates and moves the atoms of the body is 
not evident, and may be termed latent As we rise towards the 
melting-point of the solid we find that less of any heat applied is 
evident as temperature— i. e., more of it is latent. The same 
is true of liquids. As we pass from the melting towards the 
boiling point, we find more and more of the heat applied to be 
latent---i. «., doing work in expansion, and less to be evident as 
temperature. We find also that more of the heat is latent when 
applied to the liquid than when applied to the solid ; and, like- 
wise, that the amount latent increases more rapidly as we ap- 
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proacli the boilinff-point than when with the solid body we 
approAched the melting-point. That is, more work is done, more 
motion ^ected, in boinng the liquid than in melting the solid. 

To sum np : I take a very solid lump of ice, at a very low tem- 
perature — say, 20° C. — and expose it to the action of a steady fire. 
The heat plays round it, as it were, unable to e£fect an entrance, 
and is almost all given off again as temperature. Gradually it 
finds its way within, the particles begin to be slightly loosened, 
and less of the applied heat acts on the temperature. This rises 
until it reaches C, and then the whole heat is devoted to melt- 
ing---i. e., doing work, causing motion. 

This may be represented thus :— 



-20*" C. 



Most of the heat is given off as tem- 
perature. 



This-amoimt contintially diminishes 
until 



None of the heat affects the tem- 
perature. 



But little of the heat causes mo- 
tion. 



This amount continually increases 
until 



All the heat is devoted to producing 
motion. 



O'C. 

This is repeated with the liquid as it rises to the boiling-point. 
From 0° to 100°, more and more of the heat applied is given to 
the production of motion, and less and less to the increase of 
temperature, until at 100° all is given to motion, and none to 
temperature. 

(32.^ Iiatent Heat connected with Badiation. — But a 
thougntfol reader may ask me, Why is this ? Why is all the heat 
devoted to motion at 0° and at 100°, and only partially at other 
points ? Why are the ordinary laws of exchange and of radiation 
at fault here ? The answer is that they are not at fault — ^they are 
in full operation throughout ; the result, which seems to be a sus- 
pension of them, exists really because of their operation. 

To put a parallel case : A careful man and a spendthrift agree 
to an equal division of property, and to preserve the equality for 
some time. In a very short time the spendthrift has disposed of 
his share, and a second division takes place, followed by a third, 
a fourth, and many others, each of less and less amount, be- 
cause of the diminished total, until the last coin being divided 
and spent, both are penniless. So with the ice and warm water : 
there is a perpetual division of heat between them; but the 
ice when at 0° is just on the point of being entirely loosened 
and separated, and all the heat it receives is converted into mo- 
tion. This renders a redivisio|i continually necessary so long as 
any warmth, above 0°, remains in the water. The ice is the 
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parallel of the spendtlirift, continnally converting its Heat into 
motion, as he dissipated his money, and calling upon the water 
for more, as he did npon the careful man^ whose thrift provided 
him with means of dissipation. 

The same comparison holds good for the latent heat of steam. 
There is a continual division and redivision of heat between the 
water and the steam. 

(33.) Heat converted into "Work. — We see, then, that 
"latent heat" means no more than that heat becomes motion. 
Can we make this more evident ? Can we by means of heat effect 
motion in a way that we can appreciate more distinctly than we 
can the inter-molecular motion of melting ice or boiling water ? 
The answer is very clear and easily imderstood. The motion 
that is so very palpable on our railways, in our steamers, and the 
work done by our stationary engines in pumping, sawing, &c, is 
all derived from heat Water is made into steam by means of 
heat, and the force contained by the steam, derived from the heat, 
is the force which does the work. 

(34.) Mechanical Equivalent of "Work. — Have we any 
means of calculating the ratio of work to heat ? That is, can we 
tell beforehand how much work will be done by a given amount 
of heat ? Conversely, how much heat will be required to produce 
a gijen amount of work ? 

The two questions are one, and that one a question that required 
long and patient investigation ; but it has been answered very 
completely. The amount of heat that will raise 1 lb. of water 
from 0° to 1° Fahr. will also raise that weight of water 772 feet. Or, 
to express the same fact in Centigrade degrees : the amount of heat 
that will raise 1 lb. of water from 0° to 1® C. will also raise the 
same weight of water 1390 feet. 

Instead of raising 1 lb. of water through a distance of 1390 feet, 
we may raise 1390 lb. of water through a distance of 1 foot ; or 
695 lb. 2 feet ; or 139 lb. 10 feet ; or any other weight a propor- 
tionate distance. 

To put this into other words : a weight falling 1390 feet will 
raise 1 lb. of water from 0° to 1° C. if (and this is the difficulty) 
all the force be brought to bear upon the water, without any 
loss. How can this be done ? Mr Joule (to whose researches we 
owe most of our definite knowledge of this subject) did it by 
connecting a set of paddles, revolving in a vessel of water, with a 
roller, so that the revolutions of the roller set in motion the 
paddles. The roller was set in motion by a weight fastened to it 
by a cord. The falling of the weight moved the rollers ; the 
movement of the rollers set the paddles in motion ; the motion of 
the paddles raised the temperature of the water. From this it 
followed that the descent of the {reight warmed the water. Mr 
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3 found that the greater the descent of the weight, the greater 
rannth of the water, and that the descent oi 1 lb. 1390 feet 
i 1 lb. of water from 0° to 1° C. This has therefore been 
)ted as the " unit of heat." When a " unit of heat " is spoken 
le term means that amount of force which, in the form of 
will raise 1 lb. of water 1° C, or will raise 1 lb. to a height 
90 feet 
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SUMMARY. 



A SOLID body can be made liquid, and a liquid body made gase- 
ous, only by the application of heat. Conversely, a gas may be 
made liquid, and a liquid solidified, by the abstraction of heat 
But we are not able, in all cases, to apply or abstract the heat to 
the required degree. Page 67. 

Heat applied to a gas increases its temperature and its elas- 
ticity. Pa^ 59. 

Meat applied to a solid tends to separate its particles, to 
raiHe its temperature, and to increase its volume. Page 60. 

Heat applied to a liquid raises its temperature and tends to 
increase its volume. Page 60. 

With a few apparent exceptions, all bodies expand, upon hein^ 
heated. Page 61. * 

All bodies, upon the application of heat, have their tempera- 
tures raised — i.e., give off more heat. Page 62. 

Q?he sources of heat are mechanically varied, but may be 
summarised by saying that anything which diminishes the volume 
of a body is usually a means of developing heat. Also, to prevent 
motion is to develop heat. Page 62. 

Heat can be measured only by its effects. Expansion of 
volume is the effect most easily appreciated. rage 64. 

Q?he Thermometer is an mstrument in which the expansion 
of mercury marks tlie increase of temperature. Page 65. 

The Pyrometer is an instrument for measuring very high 
temperatures, at which the thermometer would fail. Page 67. 

Tlie Thermo-pile (together with a galvanometer) is used for 
the detection and measurement of very small amounts of heat. 

Page 68. 

Heat is a phase of energy or force. All energy tends to pro- 
duce motion. If this motion be prevented, heat is the form the 
energy takes. ^^® ^^* 

Heat is governed in its transference by the same laws of Reflec- 
tion ^ Refraction, Radiation, &c., as Iiight. Page 70. 

The oapaoity fbr heat of a body is the amount of heat it 
requires to produce any given effect of heat. Generally, the 
camcity for heat varies mversely with its density. Page 73. 

Tho ciipixcity for heat of any BubstAjjice is greatest when it is in 
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the liquid form. It is also greater at a high than at a low tem- 
perature, whether the body be solid or liquid. Page 75. 

The specific heat of an atom is probably the same for all ele- 
mentary substances. Page 79. 

Heat is radiated in all directions from all bodies. Page 80. 

The radiation of heat through a solid is called conduction. 
This conduction is performed at different rates in different sub- 
stances. Page 81. 

Heat falling upon a plate of rock-salt almost entirely passes 
through it. Rock-salt is therefore called diathermic. All 
bodies are partially diathermic. Page 83. 

Heat falling upon ice at 32° F. (0° C.) does not warm it, but is 
entirely spent in melting it. Heat so ceasing to be evident as 
heat is called Latent Heat. Page 86. 

As much heat is used to melt 1 lb. of ice as would raise 1 lb. of 
water 79° C. The latent heat of water is therefore said to be 
79° C. or 122° F. Page 86. 

Heat falling upon water at 212° F. (100° C.) is entirely spent in 
converting the water into steam, and does not increase its tempera- 
ture. As much heat is spent in converting 1 lb. of water into 1 
lb. of steam as would raise 1 lb. of water 535° C, or 535 lb. of 
water from 0° to 1° C. The latent heat of steam is therefore 
said to be 535° C. or 963° F. Page 87. 

The latent heat of water is greater than the latent heat of 
any other liquid, and the latent heat of steam is greater than 
that of any other gas or vapour. Page 88. 

At 0° C. all the heat falling upon ice is latent ; below that tem- 
perature only part of the heat is latent, and the lower the tem- 
perature the less of latent heat. Page 83. 

Between 0° and 100° only a part of heat falling on water is 
latent, and the proportion increases with the temperature, until 
at 100° the whole heat becomes latent. Page 89. 

The term specific heat is the technical expression for tne ratio 
between the heat that is latent and that which is apparent. 

Page 89. 

The phenomenon of latent heat is not an exception to the law 
of radiant heat Page 89. 

Heat can be converted into motion or work. Page 90. 

The amount of motion or work that heat can be converted into 
is called its Mechanical Equivalent. One degree of heat 
(r C.) is equivalent to the work of raising 1390 lb. 1 foot, or 1 lb. 
1390 feet. Page 90. 



LIGHT. 



(l.^ Introduotioii. — If a room be darkened, nothmg in it will 
be visible until some source of light be introduced. A red-hot 
poker brought in will give out li^ht that will radiate throughout 
the room, and render objects in it dimly visible. A candle will 
do this in a greater degree. It seems, therefore, that it is not 
enoueh for an object to be presented to the eye for it to be seen, 
but toat the agency of light is essential. Light must proceed from 
any object to the eye, before that object can be seen. To under- 
stand what is meant by seeine, it is necessary, therefore, to know 
something of the nature of lignt ; for of all our senses no other is 
so likely to mislead us, if we are ignorant of its nature, as that of 
sight. 

(A) The varieties of light are — 

1. Sunlight, including the light from the moon and planets. 

2. Liffht deriyed from heated solids. 

3. Lujht derived from decti'icity, 

4. Phosphorescent light. 

Sunlight is sometimes spoken of as natural li^ht, whilst such 
as cas-light and candle-light are spoken of as artificial. But the 
lignt of the sun does not differ from other light, except in coming 
from a source entirely beyond our control It is more than pro- 
bable that light, from whatever source it is derived, is the same as 
to its nature and properties. Of this nature we can judge only by 
these properties. 

1. Sunlight, — Of this we cannot say positively what it is. 

2. Light from Heated Solids, — If any solid body have its 
temperature continuously raised, it will eventually become lu- 
minous (except it melt before it reaches the luminous point). 
Most solids emit light at a temperature of 1000° F. As the heat 
increases, the colour passes through regular gradations. The 
imtiiral colour of the body changes to red, orange, yellow, white, 
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and at the highest tempeiature to white slightly tinged with 
violet This may be shown by means of an ordinary poker heated 
in a fire. 

3. Liqht from Ulectricity. — From electricity we can get 
light eiuier as sparks or as a constant light of great power. If a 
galvanic-battery current be sent througn two metallic wires, the 
points of which are near together without touching, a light will 
be emitted, depending for its strength upon the power of the 
battery. If the metaiUic wires terminate in two carbon points, 
the light will be the purest known, not excepting the light of 
the sun. 

4. Phosphorescent Light. — Specimens of this are the light of 
the glow-worm and fire-ny. 

(B.) Light proceeds from its source in straight lines, and in all 
directions. Ii a single light, such as a candle, be placed in a room 
otherwise dark, a person standing in any part of tne room can see 
it, if there be nothing between it and the eye. It follows, there- 
fore, that light proceeds from the candle to every part of the room, 
though the light is weaker as the distance increases. The rays of 
light spread out in a fanlike maimer, so as to fill up more room, 
and the intensity of the light is therefore diminished the farther 
it goes. 

light has the power of penetrating most substances ; or, in other 
words, its nature is so ethereal that it can find its way through 
the pores of even the densest substance. No substance is com- 

Spletely transparent — t.e., will allow all the light falling on it to 
ass through. No substance is completely opaque — i.e., stops all 
ght com]^etely. In other words, bght can find its way through 
the finest openings imaginable, while even the most rarified sub- 
stance is sufficiently solid to stop some of any light falling upon 
it from passing further. 

Light that falls upon any substance without passing through 
it — i. e., that portion of light which the substance intercepts — is 
either destroyed altogether or reflected. Thus light falling upon 
a thick black curtain, especially of velvet, is almost entirely de- 
stroyed. The term " absorbed" is frequently used for tMs effect ; 
but until it can be shown that the light so " absorbed " can be re- 
covered by any process, it may be said to be destroyed. But if 
the surface, instead of being dark and rough, be light-coloured 
and smooth, the light will be reflected or bent back so as to be 
still capable of exercisingall the usual effects of light, but having 
its direction changed. This is familiarly illustrated by a ray of 
light thrown on a mirror of glass or highly-polished metal plate. 
The light falling from a candle on the surface of a looking-glass is 
almost entirely reflected, and is sent back from the glass to the 
eye, so that an image of the candle is seen behind the glass, in the 
Ime in which the light comes from the glass to the eye. 

The light that does pass through any substance la o&ecX*^ m 
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direction by the density of the substance, and also in its velocily^. 
It would seem that in passing from a thin medium, such as air, 
into a denser, such as water, the ray of light has more difficulty to 
contend with. It is retarded, and is forced out of its original line 
of direction into another. If a ray of light were made to pass 
through successive strata of ice, water, quartz, and glass, it would 
be foimd that at each change of medium the velocity of the light 
would be decreased, and its direction changed : in passing from the 
air to the ice, its velocity would be slightly diminished and its 
direction changed a little ; in passing from the ice to water the 
retardation ana change of direction would both be increased; and 
this would be still more the case when the light passed from the 
water to the quartz, and from the quartz to the glass. 

One remarkable instance of this is the passage of light from the 
sun, moon, stars, &c., to the eye of an observer on the earth. The 
air extends some forty miles above the earth. Of the whole mass 
thus surrounding the globe, three-fourths of its quantity is within 
. five miles of the earth, the remainder being so much the more 
attenuated. The lowest portion has to bear the weight of the air 
above it, and is therefore more compressed. The whole forty 
miles of air may therefore be considered as verjr rare at top, ana, 
comparatively, very dense at bottom, the density continually in- 
creasing from above downwards. 

Now, if the density were the same throughout, a ray of light on 
entering would be deflected from its original direction, but would 
pass through the air after deflection still in a straight line ; but as 
the density increases continually, the light is continually more and 
more deflected ; and the result is, that light on entering the air 
proceeds not in a straight but in a curved Une. But the image is 
presented to the eye of the observer as though it came in a straight 
line, and in the particular straight line of which the last points of 
the curved line formed a part. In this way we see the sun before 
it rises, and also after it nas set, because the rays of light which 
would, if they continued in the straight line in which they left 
the sun, pass over our heads, are bent down by the increasing 
density of the air until they reach the eye. 




Fig. 49. 

A, real position of the sun when set. A', apparent position, 
still visible. 

B^ real position of the sun before rising. B', apparent position, 
already visible. 

Again, the refraction of sunlight by the air is the cause of twilight. 
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The rays that are bent down (as just described"), but not suffi- 
ciently so to reach the eye, are reflected by any surface which they 
meet, and so ultimately reach the eye as scattered light. 

(0.) If a ray of ordinary light passes through a medium of which 
the surfaces are not parallel, the refraction is of an especial kind, 
and presents very singular results. This is shown most remark- 
ably by the use of a triangular prism. On quitting a prism through 
which it has passed, a ray of light does not take a path parallel to 
its original direction, but is diverted from it still more. But in 
addition to this increased divergence of direction, the ray of light 
now possesses the remarkable property of being spread out like a 
fan, not as in any case of light merely occupying more room, and 
becoming consequently weier, but the light is decomposed (i.e., 
ceases to be ordinary light), and its constituent rays are 

Violet 

Indigo. 

Blue. 

Green. 

Yellow. 

Orange. 

Red. 
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^read out, so that each is separated from the other. 
Thus an ordinary ray of light becomes divided into 
seven rays, each differing from the original ray in 
colour. Each of these elementary rays has a distinct 
colour of its own, and white light seems to be com- 
pounded of these various colours. These elementary 
cx)lours are red, orange, yellow, green, blue, indigo, and 
violet. Another theory, however, asserts red, yellow, 
and blue to be the only primary colours ; and that ^'8- ^• 
orange, green, indigo, violet, and all other colours, are com- 
pounded from these. 

The simplest way of observing this decomposition of white light 
is to admit a siogle ray of light into a dark room (for instance, 
through a small hole in a shutter), and allow it to pass through a 
prism of glass. The light will then fall on the wall, or any screen 
placed to receive it, not as ordinary white light spread out, but 
with its constituent rays separated from each other, and succeed- 
ing each other in the order, red, orange, yellow, green, blue, indigo, 
and violet, so that they form a series of bright spots arranged in 
the form of a parti-coloured strip of light with parallel straight 
sides and circular ends. If the prism be removed, the light enter- 
ing through the shutter-hole will fall as ordinary white light on 
the screen or wall, and form a circular disc of light varying in 
size with the distance of the screen. As often as the prism is 
placed so that the light has to pass through it, so often will the 
white light be broken up into its constituent rays, and the light on 
the screen become a parti-coloured strip. If, instead of removing 
the prism, we add another to it, so that the two together make a 
stratum of glass with parallel sides, then the effect of the second 
counteracts the effect of the first, and the result is the same, very 
nearly, as if no prism were present. 

The white light that was decomposed by one prism will be re- 
composed by the other, and, after passing through both, will fall 
upon the screen as white light in a circular disc, just as if no prism 
was in its way, excepting that the position oi tkfe ^ac^w^^Xi^^^^TEaa- 
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wliat changed by the refraction of the laj of light passing thiongh 
theglass. 

The peculiar appearance which the sunlight falling upon rain- 
drops presents in tne phenomenon of the rainbow majoe explained 
by these facts of refraction. For a person to see a rainbow, he 
must be between the sun and the falling rain. The rain-drops 
each receive a ray of light, which is refracted and reflected accord- 
ing to the ordinaiy laws of refraction and reflection. By the re- 
fraction the light IS broken into rays of the various colours con- 
stituting white light. Any person standing in such a position that 
his eye receives the light from several of these rain-drope on 
which the sun ia shining will get from one drop a 

Violet, ray of red light, from another an orange ray, from 
another a yellow ray, from the next a green, and so 

Indigo. ^^ . i.jjg beauty of the rainbow depending upon the 

Blae. clearness with which these various refractions are 

Green effected. 

The continuance of the rainbow depends upon 
Yellow, the continuance of sunshine and of ram. In the 
wi_H ci ^^^^ ^^ *^® rain-drops, as each drop passes iiway 

p— _ "'*°8®- another takes its place and effects the same refrac- 
Bed. tion, so that a succession of rays continues to fall on 
the eye. 
Fig. 61. ^jj^ j£ ^ ^gj^ narrow opening with straight sides 

be made in the shutter, instead of a round hole, and the light 
allowed to pass through a prism as already described, the screen 
will receive as before a parti-coloured strip of light with straight 
parallel sides and circular ends. In this the colours will succeed 
each other in the usual order of red, orange, yeUow, green, bine, 
indigo, violet. If this strip of light be examined carefully with 
a magnifying-glass, it will be found that the light is not con- 
tinuous, but that it has intervals of darkness too minute to be 
observed by ordinary eyesight. If examined with sufiicient mag- 
nifying power, more than two thousand of these intervals of light 
may be observed, having the appearance of dark lines crossing the 
spectrum of very various widths. 

Some few of these lines are much wider and more easily ob- 
servable than others, and are distinguished, for convenience of 
reference, by the letters A, B, C, 1), &c. Eight lines are so 
distinguished, beginning at the red end of the spectrum. In the 
red is a line A ; in the orange, lines B and C ; in the yellow, a line 
D ; in the green, a line E ; near the junction of the green and 
blue, a line F ; towards the indigo, a line G ; and towards the ex- 
treme end of the violet, a line H. These lines divide the spectrum 
into parts in a manner very convenient for reference. 

(E.) Light travels with so great a velocity that it requires to tra- 
verse an immense distance before we can take any note of the in- 
terval. Its speed is such that it could encircle the earth eight times 
In a second, so that it is difficult to measure its velocity between 
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any two points on the globe. Fortunately, however, we are able 
to estimate the time it takes to come from some of the sources of 
light in the heavens whose distances we know, and in this wav we 
arrive at a tolerably accurate estimate of its velocity. Notably so 
in the case of Jupiter^s moons, in which it is found that their light 
takes about fifteen minutes to traverse the diameter of the earth's 
orbit round the sun — i.e., if we are on the side of the sun nearest 
the planet; we get the lisht from- its moons fifteen minutes sooner 
than when we are on me side of the sun farthest from it. It 
follows from this, that light takes fifteen minutes to traverse a 
distance of 182 millions of niUes. Its velocity, 
therefore, is 12,133,333 miles per minute, or 
202,222 miles per second. Speaking gener- 
ally, the velocity of light may be said to be 
200,000 miles per second. 

(F.) If we look at any object through a piece 
of glass, we see it apparently in a place that we 
know to be more or less not its true place, 
owing to the refraction of the light by the 
glass. If now we look at it through a piece 
of Iceland spar (which is a crystal of carbonate ^^- ^^* 

of lime), or any transparent crystal, we shall see not only one, 
but two images. This is because this particular crystal possesses 
the power of doubly refracting light Thus, having selected some 
small object, 0, for observation, if we look at it through a piece 
of this crystal we shall see it in duplicate, because the light 
passing from the object through the crystal to the eye comes 
in two different lines, dividing immediately it enters the 
crystal, and partially reuniting on the retina of the eye. As 
these two lines come to the eye from different points of the 
surface of the crystal, we see an image in each line, and the 
result is the same as if we saw two objects, one at A and 
one at R 

This has a parallel in the case of sound. If a very long bar of 
iron or wood be struck, say with a hammer, at one end, a person 
at the other end may hear the sound of the blow twice. If the 
ear be held close to the bar, one sound will come through the 
bar and another through the air, and thus the sound of the 
same blow will be heard twice. In the same way, in a case of 
double refraction, the same object sends two rays of light to the 
eye, each in a different direction, and the result is the same as if 
two objects were seen. 

If, however, the crystal be held in one particular position, only 
one image will be seen. It will be noticed that some of the edges 
of the crystal are sharper, and others more blunt, than the remain- 
ing edges, which are sometimes what is called square-edged. If 
we hold the piece of spar so that we look through it from one 
comer of one blunt edge to the opposite comer of the other — t, «,, 
80 that the raj of light pass from the object to 1^^ e^^ >SDCJi<3V5Jigs^ 
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these two comers of the blunt edges — ^it will show only one object 
This line is called the optic axis of the crystal, and is, as it were, 
the natural centre of it, round which its parts are arranged sym- 
metrically. 

If we place another piece of spar beside the first, and look 
at the same object as before, we shall, as before, see two objects, 
but they will be farther apart — i,e,, the second piece of spar will 
not again divide each ray of light, but will refract them according 
to the ordinary laws. But the two crystals may be so placed that 
the effect of one shall correct that oi the other, and one image 
only be visible through both. 

(G.) We have seen that light, when it comes in contact with any 
substance whatever, is affected more or less in its direction, velo- 
city, and composition. In direction it is diverted from its original 
course to one making an angle with it which is greater as the 
density is CTeater. In velocity, it is retarded if the density be in- 
creased. In composition, it is affected by passing through any 
substance of which the sides are not paralleL Tnese properties 
of light render it susceptible in an exceedingly delicate degree ; 
and for a ray of light to pass directly from one object to another 
in a straight line, without being affected in any way, is a very rare 
occurrence. 

But the laws which govern these modifications of direction, 
velocity, and composition are now well known, ai'e simple in char- 
acter, and easy of comprehension. 

If a ray of light fall directly perpendicular upon the smooth 
surface of a glass plate, it passes through it without beinc in any 
way affected otherwise than by having its velocitj^ retarded during 
the time of passing. But if it fall obliquely, it is bent out of 
its path by refraction. This refraction is the greater the more 
obliquely it falls on the glass, becoming nothing in the case of a 
perpendicular ray, which is affected equally on ful sides, and there- 
fore continues its course. But if the glass be covered behind by a 
coatinff of quicksilver, as in an ordinary looking-glass, the li^ht, 
instead of passing through, is reflected. If it strike perpendicu- 
larly, it comes back in the same line; if it be oblique in its 
direction, it is reflected obliquely. 

So that, whether the light pass through or be reflected, if it 
be perpendicular to the surface on whicn it falls it continues in 
the same straight line, either going on or returning. If it be 
oblique, it has its direction altered whether it be reflected or 
transmitted, and the alteration is the greater the more it varies 
from the perpendicular. 

The law ot reflection is very simple. Light reflected leaves the 
surface as much on one side of the perpendicular as its original 
direction is on the other side. 

The law of refraction is equally simple in its nature, but not 
so easily expressed in simple language. But by the aid of a dia- 
gram it may be readily imderstood. 
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Fig. 63. 



A c is a ray of light falling through air on a plate of glass at c, 
when it is changed in direction to c JB. If I draw the line a from 
A Cy and the line B b, both at 
right angles to the surface acb, 
and so taken that the distance 
acia equal to the distance b Cy 
then I nnd that the line & B is 
very much greater than the line 
a, luso that the hrpothenuse c B 
is much greater tnan that of the 
smaller triangle. If I draw the 
two perpendiculars so that the 
part c B shall eoual the part cut 
off from c A, tnen c b will be 
much smaller than a c. It is 
found that these two lines a c, 
c b, have always the same ratio 
far the same substance, when I 
cut off equal parts from the in- 
cident ray A c, and the refracted 
ray Be. I will enunciate this law of refraction, and discuss 
it more fully, in the chapter on Refraction. 

(H.) The effect of light upon the eye lasts for an appreciable in- 
terval of time. If I whirl round a point of light, say a spark at the 
end of a burnt stick, it is visible as a ring of light, provided I 
move it somewhat rapidly, for the light coming &om any point 
of the circle remains visible (i. e., its effect on the eye continues) 
until the spark get back to that point again. Just as a man 
might keep a number of spinning-tops in continual motion by 
giving each in succession a fresh impetus before it came to rest, 
so each point of the curve of light emits a fresh ray of light 
before the preceding one, from the same point, has ceased to 
affect the optic nerve. Just in the same way as the stomach is 
kept continually at work by food taken at intervals, so any given 
optical effect may be made to appear 
as permanent, though its source is in- 
termittent. 

The composition of white light may 
be illustrated by this means. If I col- 
our a circular disc so that it represents 
the elementary colours in their normal 
proportions, I may, by whirling it 
rapidly round its central point, cause 
the light from each colour to fall upon 
the eye in succession from each point 
of the space occupied by the disc. 

Thus, supposing a ray of red light to 
come from the space B, this space is immediately after occupied 
by the portion 0, emitting orange light ; and then by the portion 
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y, emitting yellow light ; then by the portion G, emitting green 
light ; then by the portion B, emitting blue light ; then by the 
portion I, emitting indigo rays ; lastly, by the portion V, enutting 
violet light. These rays succeed each other so rapidly that the eye 
retains each impression during the impact of the othersL so that 
it really sees all the colours on every part of the disc, and tne result 
is that the disc appears more or less of a simple white colour. 

(2.) Velocity of Iiight. — The rapidity of light is exceedingly 
great, — so great that the numerical expression of it altogether fuls 
to convey any adequate idea. To say that light travels at the rate 
of about 200,000 miles per second, gives us a notion that its speed 
is enormous ; but so would the figures 20,000 or even 1000. 
Standing at a small railway station, I see an express train rash by, 
and it is difficult to imagine a transfer of matter taking place much 
more rapidly. Yet I know that the speed of the fastest express 
train does not even approximate to a hundred miles per hour ; 
while I am told that a. ray of light would traverse this same dis- 
tance (100 miles) two thoiisanct times, not in an hour, hut in a 
second. " The swiftest bird, at its utmost speed, would require 
nearly three weeks to make the tour of the earth ; light performs 
the same distance in much less time than is required for a single 
stroke of its wing." 

If the speed oi a ray of light be so inconceivably great, it may 
well be asked, How is it possible to measure it ? How can I 
estimate the time required to pass from one point to another, 
wlien the whole globe can be surrounded by a ring of light ten 
times in a second ? To measure the progress of such a courser, 
we need, not the surface of the earth, but boundless space itself ; 
and it was not until an opportunity occurred of tracing the path 
of li^'ht across the wide heavens that its velocity was even ap- 
proximately ascertained. Astronomers, by means of the eclipses 
of the moons of Jupiter, have been able to measure the lapse of 
time renuired for light to pass across the orbit of the earth, about 
190 millions of miles. 

In the accompanying diagram S represents the sun, E and E' two 

Joints in the orbit of the earth, and J the position of the planet 
upiter. When the earth is at E' the light from Jupiter has to 
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pass from J to E' to reach the earth, but when the earth is at E, 
this light has only to traverse the distance J E — i, e., just the diar 
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meter of the earth's orhit less. The time required to traverse the 
extra distance has been found to be rather more than a quarter of 
an hoar. Light therefore travels about 200 millions of miles in 
twenty minutes, or about 10 million miles in one minute. 

(3.) Measttrement of Iiiglit. — We measure heat by the 
amount of work it can do in a given time. We measure elec- 
tricity, galvanism, magnetism, in the same way, by means of the 
practicid results to be obtained by their use. But with light this 
is not so easy. One method (and a very accurate one) is to judge 
hj the eye when two images are of equal brilliancy. Thus, if I 
wish to judge of the comparative power of two lights, such as two 
candles, I ^ace them so that the images they respectively produce 
in a mirror shall be equal For this to be done, the distance of 
the greater lights from the mirror must be greater than the dis- 
tance of the lesser light. When I have arranged the lights so that 
their images in the mirror are of equal brightness (for this bright- 
ness is the only thing to be considered), I measure their distances 
irom the mirror. If the distance of the greater be four times that 
of the less, then their powers are as sixteen to one — i.e., one is six- 
teen times as bright as the other ; if the distances be as three to 
one, then the powers are as nine to one ; and generally, if the dis- 
tance be D and D', then the powers of the lights are as (D)^ to (D')*. 

In this method we have to judge when the two images are of 
equal brilliancy, so that there is a certain margin of error to be 
allowed for. Sir John Leslie arranged a photometer, by means of 
which the two equal lights are brought into actual contact. Thus, 
at the ends of a trough, some feet in length, he placed the two 
lights whose brilliancy he desired to compare. A screen, (D E,) 
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stood beside the trough, and the lights were reflected on to this 
screen so as to be side by side and in actual contact, by means of 
two mirrors at 90° to each other, and at 45° to the side of the 
trough. The light B was reflected from C to G, and the light A 
from C to F. If the lights A and B were equal, the screen was 
equally Ut up at F and at Q when the mirror C was exactly in- 
t^mediate ; but if they were unequal, the mirror had to be moved 
towards the lesser light, until the screen was equably illuminated. 
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Th*i dixtamcef A C and B C when squared voold ffve ihe lelatiTe 
p<>wen of A ajad R 

(4.J TeniMtenee of Id^^t. — I take a small eaid, nidi one or 
two lines of prititing on it, and fasten it looselj to the end of a 
penholder \jy a pin throng its centre. I make it TevolTe smartly, 
and HUfih line or print b^ximes an ornamental black ring. I see 
all the letUov of each row at each point of a circle, and the vaiiety 
of sljapes gives to the ring so formed a number of projections, and 
the card itoelf becomes apparently a circular disc, witJi a number 
of external projections. 1 cut a narrow slit, say a quarter of an 
inch in width, on one side of the card, from the edge to the centre, 
and set the card rapidly in revolution. On looking through the 
slit, I find the card to be transparent (somewhat after the manner 
o( coarse muslin). Whatever 1 see through the slit, I see also, as 
it were, through the card, for the images remain on the eye during 
the interval of time that the objects are obscured by the card. 

(5.) Bouroes of lAght. — If I heat gradually any solid sub- 
stance, it becomes at high temperatures more or less luminous 
runle«H it vaporise), generally passing through gradations of colour 
iroin red to white. If the substance become a gas before reaching 
the heat required to make it luminous, this gas may be heated to 
a very hitfh degree without emitting light, but tms is probablv 
l}ccauHC the atoms of the gas are so small that the light from each 
one is too little to be perceptible by our organs of sight. This may 
aUo explain why ^oses are invisible under ordinary circumstances. 

It Heenis, therefore, that li^ht is but a mode of heat, just as heat 
\n said to be a " mode of motion." It is clear that the^-e is a con- 
nection between heat and light, though it is also clear that they 
are not i<l(inticaL The sun's rays contoin both light and heat, and 
tlieHe can bo 80j)arated very easily and completely. 

IJut liglit itself can be decomposed, and when so decomposed, it 
in found that the component rays have differing degrees of velocity 
in their vibrations. May it not be that (just as heat gradually be- 
comes luminous) as it increases, so the heat-rays of the sun become 
luminous when the number of vibrations become sufficiently great? 
Mav not heat, light, and actinism be but variations of one force ? 

Thhere is also the consideration that in travelling through the 
air for many miles the amount of heat in the sun's rays may be 
Bupposiul to bo diminished by the amoimt of absorption effected 
by the atmoaphore. 

Air ia usually supposed to be transparent, but has been shown 
by l*iH)foa8or Tyndall not to be entirely diathermic. From this it 
follows that tlie rays of the sun do not reach us in exactly the 
sauio sUito in which th^jy leave the sun. We know something of 
the condition in which they come to us, but we can only infer, by 
reasoning as it were backwards, as to their exact nature when 
thoy set out on their long but rapid journey. 



NATURE OP LIGHT. 105 

The thought might easily occur whether a ray from the sun left 
it in a much more homogeneous state than it reaches us, and that 
different effects of the passage upon different portions of it pro- 
duced the various results of heat, light, and actinism. But very 
much more than is at present known is required to give such a 
theory any claim to much consideration. Still, that heat and li^ht 
are cfosely connected together is undeniable, and it seems a lair 
subject of inquiry whether at least they are not two phases of the 
same force. 

But the sun is not the only source of light. As I have men- 
tioned, any solid substances wnen heated beyond certain tempera- 
tures become luminous ; and if a solid be placed in a heated gas 
it becomes luminous, most probably from being raised in tempera- 
ture by the heat of the gas. 

From electricity also we get light, but even here it is only, as 
before, light developed from heat. For with the same amount of 
electricity, I can, by the same arrangement, develop either heat 
or light at pleasure. Thus I arrange a voltaic circuit in which the 
current is carried through the wire without any development of 
either light or heat. I separate the wires and connect them again 
either by a thinner wire or by a wire of less conducting power. 
In either case I find that the interposed wire is warm, and that by 
substituting either a still thinner wire or a still worse conductor, 
I may obtain light as well as heat, for the wire will become 
luminous by means of the resistance offered to the passage of the 
current Therefore we may fairly say, that not only is light 
developed from heat, but that both may be developed from 
electricity. 

I have elsewhere spoken of the physical forces as being natu- 
rally divided into two groups, thus ; — 

Heat. Electricity. 

Light. Galvanism. 

Actinism. Magnetism. 

I have also suggested that each group of three probably presents 
but different phases of one force, and also that possibly one of the 
most important differences between these two groups is that the 
vibrations are in one case in straight lines, while in the other they 
are circular or spiral. But the evident connection between heat 
and electricity suggests the still more comprehensive idea that all 
the six forces are but parts of a whole divided into two groups by 
some general characteristic being developed in one way in one set, 
and in another in the second. 

(6.) Nature of Idght. — One theory, long held in respect, was, 
that light was an actual emission of particles of matter from the 
source of light given off in straight lines : and the reflection and 
radiation of light somewhat supported this theory, for they obey 
the same laws as would be observed by actual particles of matter 
in motion. Refraction and absorption, however, seemed to require 
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some other theory, as did the feict that upon the theoiy of emis- 
sion the eye most be constantly struck by these partides, and it 
is difficult to imagine that an organ so tender as the eye could 
bear the continued impact of atoms, however small, driven against 
it with such inconceivable velocity as that of light, when such 
acute pain is inflicted by a grain of dust blown across the road by 
the lightest wind. 

On the other hand it was urged against the undulatory or 
vibration theory that as the atmosphere extended but some few 
miles above the earth, there was no medium of vibration between 
the sun and the earth, and that a vacuum of so many millions of 
miles could only be crossed by actual matter. Also that sound, 
which is admitted to be a vibration of air, could not traverse even 
a vacuum of a few feet, whereas light traverses with the same 
readiness a dense or rare atmosphere, or the most complete vacuum 
art can produce. 

To this, in reply, it is advanced that preciselv the same objec- 
tions might be adduced in the case of heat which comes from the 
sun, which crosses the most complete vacuum, and which is yet 
proved with almost mathematical certainty to be a vibration. 
Further, to explain as well as to reply, the theory is advanced of 
an ether or atmosphere infinitely more rare and subtle than air, 
which is supposed to fill all the space in the orbit of the earth 
round the sim, or at least to travel with the earth, filling the 
interval of space between the sim and earth, and to be so aerial 
in its nature as to penetrate the interstices of every kind of 
matter. 

Light and heat are asserted to be vibrations, not of the grosser 
atmosphere, but of this far subtler medium, and no vacuum of 
this can be obtained, since it is supposed to enter through the 
densest solids ; so that the most solid machinery that could be con- 
structed to pump it out would simply move in it, and the effect 
would be somewhat the same as trying to pump up water with a 
sieve, or to fill a bottomless tub. 

K there be such a medium, it is useless, therefore, to urge as an 
argument that heat and light pass through vacua, because, with 
reference to so subtle a vapour, no vacuum can possibly exist. 

We are from our very infancy intimately familiar with light 
and heat, and as we get older we get thoroughly familiarised with 
the results, rather than the facts, of electricity, especially in the 
case of electric telegraphy. We are told, on authority that we 
cannot doubt, that light comes from the sun in a few moments, and 
that it traverses in this time very many millions of miles of space. 
We know of many facts, in our own everydav observation, that 
concur with these statements, and we know of none to conliadict 
them. We are therefore dnven to believe them, and whatever 
follows from them. 

Taking as bases of calculation these facts, and supplementing 
them by experiments, philosophers have arrived at the concluisions 
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already mentioned, that light is a vibration of an extremely subtle 
medium or gas, and that to produce the sensation of light this 
medium has to vibrate with a rapidity altogether inconceivable. 
The numbers giveu altogether fail to give us any specific idea as 
to the velocity they represent. 

In an inch of space, the vapour, or medium (so called, because it 
rather connects the parts of the universe than has, to our gross 
perceptions, an individual existence), is said to vibrate some 50,000 
times, each vibration being about rulnjs <>^ ^^ ^^^ ^ extent ; and 
this vibration is considered to pass onward at the rate of some 
192,000 miles per second, makmg each second some 500 or 700 
billions of vibrations. That these numbers are past our concep- 
tion is no argument agaiast their truth. If we were asked to 
believe that such vibrations existed, but had no practical evidence 
of their existence, even then we should have no right to reject the 
conclusion if the evidence were trustworthy ; but in this case we 
are infinitely more familiar with the facts than with the explana- 
tion of them. 

But, again, between these two theories — one that light is an 
actual emission of matter, and the other that it is the vibration of 
an ether so subtle that it penetrates and fills all interstices of all 
matter — ^a third theory is advanced, that though such an ether may 
well be supposed to extend from the confines of our atmosphere to 
the sun so as to convey light from the sun to our globe, such ether 
does not descend below this limit, the light being, as it were, car- 
ried on by the vibration of ordinary matter, either solid, liquid, or 
gaseous ; so that the ether is only admitted as a means of con- 
necting the sun and the earth. In behalf of this limited theory it 
is urged that just as sound, heat, electricity, can be conveyed by 
ordinary substences, such as air, metals, &c., so may light, whose 
velocity is not so great as that of electricity ; and that the idea of 
an ether so near to us, yet giving no signs of its existence except 
by one set of effects (viz., those oi light), and being quite free from 
the influence of ordinary physical laws, such as gravitation, is 
opposed to the spirit of physical laws in general. Also that the 
variations in renection and refraction are opposed to the idea of 
there being but one medium of light, as such variations re(juire 
that the ether should have different properties at different times 
or in different places. 

"V^thout pretending to decide as to which of these theories had 
the preponderance of evidence, one might suggest, with reference 
to these last objections, a few points that have not perhaps re- 
ceived fall attention. 

1. It is quite true that sound and electricity are conveyed by 
the vibration of ordinary substances, but neither can be, so far as 
is known, conveyed across an absolute vacuum (using the term 
without any reference to the existence of an ether), though heat 
and light are. Therefore there is, prima facie, a difference be- 
tween the vibrations of heat and light and those of electricity and 
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flooud. If there be each an ether as is soggested, it voold seem 
that it is capable of t>erviDg as a medimn mr lig^ and heat, but 
not for sound and electridtv. 

2. The assertion that this ether is imponderable (for that is 
the chief objection taken), might be met by the snggestiaii that it 
is difficult to imagine how it maj be weighed, u it enter into 
every sul^stance, and fill up every vacant space, it is difficult to 
see liow it could sensibly affect the weight oiany body into which 
it entered.' First, because of its extreme levity ; for if a room full 
of hvdrogen would weigh but a pound or so, what additional 
wei^t could such subtle matter as we are supposing to exist add 
to any ordinary body, however large ? Secondly, Is it possible to 
ascertain the weight of any substance &ee from this ether when 
there are no means of sej^ratin^ them ? Lastly, Is it possible to 
weigh such a subtle, even if ponderable, ether, unless it be also pos- 
sible to weigh water at the bottom of the ocean by filling muslin 
bags with it and weighing it with scales and weights of s^nge t 

3. That the ether must have properties differing with time and 
place, because of the different refractions and reflections of light, 
IS scarcely an argument against the existence of such an ether on 
the face of the globe as well as above the atmosphere, because, 
supposing even that light was a vibration of this ether only, and 
not of ordinary matter as well, the variations of reflection and re- 
fraction might well be supposed to depend upon the quantity of 
the medium present, which would vary with the density of the 
body. The ether is not supposed to replace or enter matter, but 
only to fill up the intervals of space between its atoms, interstices 
too small for even air to euter. 

The present theory therefore may be taken to be, that such an 
ether as has been described does exist, and acts as a medium of 
connection between the sun and the earth, so that the two are , 
materially connected, though the connection be of the thinnest and 
rarest nature possible. 

So far as we know, the only use this ether has is that of 
enabling heat and light to reach us from the sun. Whether it ex- 
tends downwards through the atmosphere, and is the medium of 
heat and light even to our senses, may be considered as not satis- 
factorily proved, and the existence of the ether itself is inferential 
rather than demonstrable. 

There is, however, one great distinction between the theory of 
an ether as the medium of heat and light, and that older tHeory 
that heat and light themselves are such ethers. In the one case 
the theory has been proved insupportable, and the theory of emis- 
sion for these forces may be considered as of the past. In the 
other case heat is proved to be a vibration, and light is all but 
proved to be likewise. This being so, a vibration implies a vibra- 
tory substance, and the supposition of such an ether is that of a 
body which possesses the properties required by the facts of the 
reception of neat and light from the sun and no others. 
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But the thought will doubtless occur to any reader of realistic 
mind, Is not the idea of an ether which possesses just those pro- 
perties that are apparently required, and only those, almost an 
absxurdity ? We have, it might be said, a set of results and a set 
of causes ; we do know that one comes from the other, but we do 
not quite know how. We can trace part of the way, but only part, 
and we fill up the gap by assuming tnat a substance exists possess- 
ing all the properties and doing all the work required oy our 
theories, but giving nd other sign whatever of its existence. Can 
we, it might reasonably be asked, point to any known substance 
existing only for one specific purpose, as we suppose the ether to 
exist only to enable light ana heat to move from place to place, 
and substance that we can neither see, hear, feel, taste, smell, 
weigh, nor measure ? Is not this necessity for an ether almost 
sufficient to suggest grave doubts as to the truth of our theory, or 
at least the importance of reconsidering it with great care ? 

I can well imagine my realistic reader further asking if there be 
any real necessity for supposing the existence of an etner at all ? 
You do not, he might say, demand any such medium for the pas- 
sage of electricity, which is a force as delicate in its nature, as 
rapid in its movements, as much requiring a continuous medium, 
as light itself. Also heat can be developed from electricity, as 
electricity from heat. But, it might be replied, heat and light 
have to pass from the sun to the earth across a vast vacuum, and 
though heat can be developed from electricity, so can electricity 
from heat, and that it is more than probable that heat is the 
onginal form of electric force, and that the heat developed from 
electricity is rather a resumption of original state than a develop- 
ment ; and further, it is also more than probable that all heat has 
originally come from the sun, and this theory is sometimes ex- 
tended to saying that all force on the earth of every kind, except- 
ing perhaps the tides, has originated in the sun*s action upon the 
earth. 

So that the necessity for the ether seems to be the necessity of 
accounting for the passage of heat and light across the vacuum 
between the sun and the earth; and it should be remembered 
that the ether is supposed to exist because of the necessity for it, 
not because of any proofs of its existence. It is necessary to 
account for the transfer of heat and light across a vacuum, and 
therefore it is inferred that there exists a very attenuated air, that 
can transfer the motions called heat and light, but which has no 
appreciable existence otherwise. The question may further be 
urged, What proofs or evidences are there of the existence of a 
vacuum between the sun and the earth 1 Why may not the air 
extend from the earth to the sim ? It is known to become rarer 
and rarer as we rise above the surface, why may not the atmo- 
sphere continue, without break, up to the sun, only in a rarified 
condition ? In fact, why may not the air itself, in a very rarified 
condition, be itself the required ether ] What aifc \)aa ot^oiCiScXa 
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a^lduced to support the theory that the atmosphere extends only 
some forty or fifty miles from the earth*s sorfiEU^ ? 

But this question implies a much larger one. Granted that the 
atmosphere might extend from the earth to the san^ will that 
account for the reception of light from the fixed stars, the dis- 
tances of which are so inconceivahly great ? If, however, we can 
contrive to extend our atmosphere through the few miUions oi 
miles between ns and the sun, we may not altogether despair even 
of the infinitely greater task of filling space itselfl 

Putting on one side the natural impression that the atmosphere, 
being composed of gases, would obey the usual law of gaseous 
diflfusion, and so fill whatever space it has access to, what uoiall we 
pat on the other side to explain whv it should not do so, and why 
the usual limit of forty-five miles should be assigned to it ? 

First, the earth is not stationary, but revolves round the sun at 
an immense distance and with great rapidity, so that either the 
whole orbit of the earth must be filled with air, or else an aerial 
radius must revolve round the sun with the earth. The former 
is of the two the more rational supposition, so that the idea of our 
atmosphere reaching to the sun has to be extended to that of ihe 
whole orbit of the earth, an elliptic space having a major diameter 
of 200 millions of miles, being tilled with air. 

This is not inconceivable ; let us assume it, and consider what 
follows from the assumption. 

The earth, and the planets between the earth and the sun, are 
moving, therefore, in an aerial substance, and each will collect 
round itself, by its attractive force, an atmosphere of this medium, 
which may be Bupposed either to revolve with it and accompany 
it in its passage round the sun, or to be continually left benind 
and renewed. In either case, the lower strata of this atmosphere 
will be heavier than the upper, and denser — ^that is. the attrac- 
tive force will have less effect as the .distance from tne eartJi in- 
creases. 

Each planet may also be expected to have such an atmosphere, 
and some are known to be accompanied by aerial envelopes, but 
no trace of such atmosphere had been observed in the case of the 
])lanut Jupiter : and it was a difficulty to have to suppose a planet 
moving through this assumed medium and yet not collecting such 
an atmosphere. Also it would be expected that the progress of 
the planets would be impeded by the continual presence of a gas, 
however rarified ; yet no such gradual diminution of their velocity 
is observable. Nor are the comets delayed, as might be expected 
if they passed through a resisting medium, since the calculationR 
of their progress are made on the supposition that they move in 
empty space. Jupiter is now supposed to have a very dense 
atmosphere. 

It is sometimes said that the attractive power of the earth has 
no force beyond 26,000 miles at most to overcome the centrifugal 
force that prevents the whole of the atmosphere from being 
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brought to the surface of the earth ; and this is given as a reason 
why, whatever may be the limits of the atmosphere, it cannot be 
myre than 26,000 miles. This may be quite true, but it is not 
necessary that the otTrwsphere of the earth should be the medium 
between it and the sun. It is not needed that the attraction of 
tiie earth should be exerted on every particle of air between here 
and the sun, but that the air, or something else, should extend 
throughout that space. 

It is also pointed out that if the atmosphere decreases in density 
regularly tmroughout, as we know it does in the lower stratum 
(wnere the temperature falls 1° for every 200 yards, in round 
numbers), that at the distance of 26 miles it would be so attenu- 
ated as to be incapable of further rarefaction. But it is not ab- 
solutely necessary to suppose that the rarefaction should proceed 
beyond that stage, except for the difficulty that, with a medium 
of this Idnd filling up the whole of the solar system, the planets 
ought to have their progress retarded. 

1 hope to have space to return to this subject in a future 
chapter. 

(7.) Transference of Iiiglit. — If I place a lighted candle in 
the middle of a room, light radiates from it in all directions in 
right lines. Every point in the floor, walls, and ceiling is lit up, 
supposing no solid body to be interposed. The amount of light 
falung on each part depends on its distance from the candle. The 
smaller the room the brighter the walls and ceiling seem, because 
the liu^er the rooms the larger the walls, and the greater the sur- 
face to i)e covered by the same amount of light. 

Supposing I have two cubic£il rooms, one ten feet long and the 
other twenty, and that I place a light in the centre of each, the 
two lights being of equal power, then exactly the same amount of 
light will fall upon each wall, though one will be so much larger 
t&ui the other. Thus the waU of one room will be ten feet by 
ten feet — t.e., one hundred square feet; while the other will be 
twenty feet by twenty feet — 1.6., four hundred square feet. So 
that exactly the same amount of light will cover one hundred 
square feet, and four times as much, but in one case each square 
foot of space will have four times as much light in it as in the 
other. Intensity of light, therefore, really means quantity of 
light 

This may be shown another way. I place a screen one foot 
from a candle or gas light, with a hole six inches square opposite 
the light. I place also another screen two feet from the light — 
i.6., one foot Dehind the other screen. The light that falls on the 
first screen illuminates it, and the shadow of the first screen is 
thrown upon the second. And the light that falls on where the 
first screen has been cut away will pass through and fall on the 
second screen. But the light passing through the hole six inches 
square will illuminate the second screen, and show a bright place 
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one foot square — i.e., four times as large as the hole, though it 
will be lit up with only one-fourth the intensity. If now I move 
the second screen towards the first — i.^., towards the light — ^the 
bright part will grow smaller in size, but brighter, until, when 
the two screens are close together, they will both be illuminated 
with the same degree of brightness, and the bright part of the 
second screen will be no larger than the hole in the first. 

(8.) BAdiation of Iiiglit. — ^Light, therefore, as we may infer 
from these experiments, travels in straight lines in every direction 
around its source, decreasing in brightness, but only because the 
same quantity of light has to cover a larger surface. If now I 
place a light on a hill, so that nothing stands in its way, how far 
will it give light ? Looking at it I see the bright light and all 
around to be darkness. I cannot see the light passing off in 
straight lines — i. e., light itself is not visible. But wherever I 
place myself I see the light itself on looking towards it — i.e., the 
invisible rays of light are passing off in every direction, so that 
wherever my eye is there some vibrations enter it and make 
therein the image of the light. It may be miles off, yet an in- 
visible radiation, miles in length, gives a faithful portrait of its 
source. The distance at which the light is visible depends on 
how far the light, falling on the space of a human eye, will be 
sufl&cient to excite the optic nerve. Some lights are visible forty 
or fifty nnles. 

(9.) Reflection of Ijight. — If, however, there be a post, a 
gate, a tree, any object, so placed that the light can fall upon it, 
that also becomes visible, or at least so much of it as the light 
falls on; but with this important difference, that whereas the 
light is visible from any point, the post or tree is only visible 
from some few points, depending on the relative positions of the 
light and post The lignt itself is visible from radiated light, 
being itself the source of illumination, but the post is visible m>m 
reflected light — i. «., only from light falling on it and passing off 
again, with its direction changed, just as a ball struck against the 
post would do. So that this reflected light does not pass off in 
all directions, but only in one, dependent upon the directions of 
the ray falling on the post It may be stated as the fundamental 
law of reflected light, that the reflected ray depends for its direc- 
tion upon the incident ray. 

This dependence may be expressed thus : if light fall perpen> 
dicularly upon a reflecting surrace, it is reflected {L «., bent back) 
in the same line, returning to the starting-point ; if it fall to the 
right or left of this line it is reflected to the left or right, the line 
of reflection being exactly as much on one side of the perpendi- 
cular as the line of incidence is on the other. 

Technically, this is expressed by saying the angle of reflection 
fgtiai4 the angle cf inciaenoe. 
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The maimer in which we get the light of the sun and of the 
moon will illustrate the reflection of Bght. The son is a source 
of light, and it seems to us always the 
same ; but the moon is as the post spoken 
of just now, only visible by means of 
the light received from the sim and re- 
flected to our eyes. We see, therefore, 
only so much of the moon as receives 
light from the sun, and reflects it to the 
part of the earth where we are. It is 
unportant to bear in mind that a reflect- 
ing substance does not increase the light, or do anything except 
alter its direction, a o is the sunlight, o the moon, b the observer. 

Just as we conduct water through pipes, so we can conduct 
light in any direction we wish. But in carrying water we convey 
a real substance — there is an actual transfer of matter ; whereas 
if light be a vibration, we conduct not matter but motion when 
we use mirrors to guide light in any given direction. Just so 
when we strike a carpet hanging on a line with a stick. The 
vibration travels from the place where we strike it to the edges of 
the carpet, and there is a transfer of motion but not of matter, the 
carpet itself remaining in its original place. 

We frequently see the sim and moon at the same time, just as 
we might see both the li^ht and the post above mentioned. Keally 
this means that we see the sun twice — once by the li^ht directly 
radiated from it to our eye ; secondly, by the light received from it 
by the moon, and thence deflected so as to fall on our eyes. But 
we get from this second ray the idea, not of the sun, but of the 
moon, and so we say that we see the moon, not the sim. For we 

fet, in the example of the post, not all the light falling upon it, 
nt only that much that is reflected in the direction of our eyes. 
Some is, as it were, lost by being scattered, by being re-reflected 
from the projections of the post. For we must remember that 
light will be deflected by projections of which we are scarcely 
conscious. The laws of natural phenomena know nothing of 
nearly straighty nearly smooth, or suchlike approximations ; and 
we know that perfect straightness or perfect smoothness are almost 
unattainable even by the utmost care. Light falling upon any 
ordinary post will therefore be partly scattered (this is the tech- 
nical term for light being re-refiectea by numerous small projec- 
tions, and so divided into many directions) and but partly re- 
flected, the light so reflected giving the image of the post rather 
than of the original source of light; and in this way we say that 
we see both the light and the post, and not that we see the Hght 
twice. 

If, however, a mirror be suspended on the post, or if the post 
be made so smooth as to act as a mirror, then very nearly the 
whole of the light falling on it will be reflected, and we shall see^ 
not the i>ost or the mirror, but an image oi A*ia.ft "\i^\i — ^ve.,^^ 

H 
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shall really see the light a second time. So that the only differ- 
ence between seeing a second image of the source of light, and see- 
ing the object the light Mis upon, is the degree of smoothness 
possessed by the object. 

Generally, therefore, we may say that li^ht falling on a very 
rough object is nearly all scattered and but little reflected ; falling 
upon a very smooth object, it is nearly all reflected and but little 
scattered. Between these two limits we have all degrees of 
smoothness, the reflected image of the source of light gradually 
fading as the roughness of the surface increases, until it is alto- 
gether lost. But before this point is reached liie image of the 
reflecting surface will itself begin to appear, so that we frequently 
see both the reflected image of the source of light, and also that 
of the object whose surface reflects it 

I have compared the reflection of light to the bounding off of a 
ball thrown against a wall, and if we bear in mind the distinction 
between transfer of matter and transfer of motion, the movements 
of a ball so thrown will illustrate very clearly the transference of 
light, not only when reflected, but in other cases. 

If the wall be soft, the ball when thrown against it will, instead 
of bounding off, pass through. So, with some substances, light, 
instead of being wholly renected, passes through. This is why 
we are able to see through glass, water, spar, and some other sub- 
stances, which, from this property, we describe as transparent. 
But some of the light is reflected even when most is transmitted— 
L e,, passes through — as may be seen of an evening when looking 
at a window you can see the light of outer objects transmitted to 
your eye within, and at the same time, in the pane of glass, you 
will also see the reflection of the fire within tne room, whicn is 
partly reflected and partly transmitted, so that at the same time, 
by means of the same ray of light, it is visible both within and 
without the room. 

If the light fall perpendicularly upon a transparent body, it 
continues in the same line ; but if it fall obliquely, its direction is 
changed. A ray of light falling upon ^lass, and making an angle 
of 30° with another ray falling on it perpendiculany, would 
not continue in the same line through the glass, but would be de- 
flected at the moment of entering, and then continue in a straight 
line, but in one nearer to the unaltered perpendicular line, so tSat 
the angle between them would be less than 30°. That is, the 
light, on passing from the rare medium air to the denser medium 
glass, would meet, as it were, with an opposing force, and be turned 
irom its path, somewhat in the same way as a boat rowed appa- 
rently directly across a river arrives at a lower point than the one 
from which it started on the opposite side, owing to the force of 
the tide. 

But on passing from the glass to the air on the other side, after 
having passed Uirough the glass, the ray of light will be again 
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diverted, or rather restored, to a direction parallel to the original 
one, at a greater or less distance from it, according to the thick- 
ness of the glass. This, however, assumes that the two sides of 
the glass are parallel. 

So that while light, passing obliquely from a lighter to a denser 
medium, has its direction changed to one nearer tne perpendicular 
to the entered surface, in the same manner, when passing from 
a denser to a rarer medium, as from glass to water, from water 
to air, a corresponding change takes place, the light passing to a 
direction farther from the perpendicular to the surface. 

If two straight lines are put end to end so as to make one 
straight line, the angle on each side is 180° — i.c., two right angles. 
Light passes through any uniform medium in a straight line. If 
two media — say water and air — are traversed by a ray of light, 
the two straight lines will not make with each other 180° on each 
side, but a greater angle on one side and a less on the other, the 
lesser angle being always on the side towards the denser medium, 
and the greater angle on the side towards the rarer. 

A ray of light passes through air in the line A A', making a 
small spot of light on a screen at A'. I 
now interpose a plate of glass, or any 
other transparent substance, o o' in its 
path. The spot of light is moved from 
A' to R Why ? and how ? The ray of 
light A falls on the glass at o and is re- 
fracted in the line o o'. But on pass- 
ing from the ^lass a^ain into the air a 
second refraction takes place in the 
direction o' B. So that the interpo- 
sition of a stratum of greater density 
than the air has the effect of causing a 
double refraction, or deflection ; the re- 
sultant being parallel to the original 
direction. 

This is called refraction^ but it will 
be seen that it only differs from what p. 

is ordinarily called reflection, in that '^' 

the ray continues its course through the glass instead of return- 
ing through the air. 

(10.) Total Reflection of Light.— I send a ray of light 
through air into water, its direction through the air being very 
nearly parallel to the line of junction ; it is bent, with a less angle 
towams the water, and enters it. 

I now move the source of light so that it falls upon the same 
point in the common surface, but reaches it through the water. I 
do this by moving the light just past the line of junction, so that 
the light passes very nearly along this line. On reaching the 
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point where it might be expected to pass out into the air^ it is 
refracted so much that the angle it nmkes brings the line again 
within the water, and it does not pass into the air at alL 

This angle is ciedled the angle of total reflectum^ since the light 
is wholly reflected, and is practically not at all refracted. 

Thus I hold before a window, just above the level of my eye^ a 
glass of clear water, and look at it. Water being transparent, I 
may reasonably expect to see the sky through the water in the 
glass. But the water will seem to be covered with a bright diver 
crust, as though mercury had been poured on and floated on the 
water. Why can I not see through the top of the water, as I can 
through it from side to side ? Itecause all the light, entering at 
the side, and passing through the water to the top, is reflected, 
and passes out again oelow, and thus gives to the top of the water 
the appearance of a mirror. 
If a 6 c be the top of the water in an ordinary tumbler, held 

up before a win- 
dow, all the rays 
of light between 
m and o will be 
reflected to the 
eye. The ray o is 
reflected at c, the 
ray 91 at 6, the ray 
m at a. Other 
rays between m 
^'S- 69. aji(i Q are reflected 

at points between a and c, all converging on the retina of the eye. 
All rays outside of m and o are reflected from points outside of a 
and c, and do not enter the eye. 

This seems at first remarkable, but we are not surprised when 
light, passing through air and falling on the surface of water, is 
reflected back into the air again. If we can once fairly grasp the 
fact that light, on passing from any one medium to any other , is 
more or less reflected (the amount depending upon the respective 
densities), there will be no difficulty in the way of our compre- 
hending the facts of reflection, refraction, and total reflection, 
which (however much they may appear distinct) are but varying 
phases of one phenomenon. 

I have discussed the lav7 of total reflection in the chapter on 
Reflection. 

(11.) Colour. — Decomposition of Iilght. — If I look at any 
object through a coloured glass, whatever may be its natural 
colour, it appears to have that of the glass. Thus all things seen 
through a red glass are red ; through a blue glass, blue, &c. We 
see tmnffs only by means of the light coming from them to our 
eyes. If this light be coloured, the colour seems as if it belonged 
to the object seen by means of it. 
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If a ray of light falls from a candle on a miiror, and is reflected 
to my eye, I have the impression that the candle is behind the 
mirror — %.€,, the change in the direction of the ray of light con- 
veys to my mind a fiEdse impression as to the position of its source. 
So the light from any object, if it be affected by passing through 
a coloured medium, conveys to my mind a false mipression as to 
the colour of the object whence it proceeds. Nothing has really 
any colour of its own; colour is not a (juality of any object what- 
ever^ but of the light that makes it visible. 

As already mentioned (p. 97), white light — i,e,, ordinary light — 
when it passes through a prism, is decomposed, and each constitu- 
ent ray of light is separated from the otners. These sive visible 
evidence of &eir diversity as to colour if allowed to fall on a white 
screen. If now I put near this spectrum pieces of coloured paper, 
the same in size and colour as the portions of the spectrum, and 
allow ordinary light to fall on them, I get two spectra side by 
side^ and to au appearance alike. But there is this important dif- 
ference : the vanety of colour in one case is in the light that falls 
on the screen, and in the other it is on the screen itself ; but the 
result to the eye is exactly the same. The upper portion of each 
spectrum is violet, and the lowest red, for precisely the same rea- 
son. In each case the violet or the red rays are the only ones 
that reach the eye. But the means by which this separation is 
effected differs in the two cases. In the one, the prism separates 
one ray into its constituent rays, and all these constituent rays 
become individually visible when reflected &om the screen. In 
tiie other, white light falls upon the coloured papers, and is par- 
tially absorbed, partially reflected. Only the reflected light comes 
to the e^e, and it is by this light only that the papers are visible ; 
so that it is because each piece of coloured paper reflects a differ- 
ent ray that it seems to have a different colour. 

Thus I can produce the appearance in fig. 60 by either of two 
methods. First, by placing a series of pieces of paper 
coloured respectively as in the spectrum, and lettmg 
ordinary light fall on them. Each piece of paper de- 
composes the light, reflecting, one the violet, another 
the mdigo, a third the blue rays, &c., absorbing all 
the others. 

Secondly, by passing one ray of light through a 
prism and obtaining a spectrum, in which all the 
colours of the one ray are reflected. But there is this 
very important distinction between the results of the ^*8- ^®- 
two methods: the pieces of coloured paper are distinct from 
each other, separatedf by clearly discemi ule lines of demarcation ; 
the colours of the spectrum blend into each other imperceptibly, 
so that I cannot tell where one ends and another begins. The 
lower rays of the red are very dark, they gradually brighten, 
become orange-red, red-orange, and finally distinctly orange : 
these in their turn pass through the gradations of orange, orange- 
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yellow, into yellow ; these become green-yellow, yellow-green, 
and green ; and so each colour emerges gradually from the one 
below it, and passes, by indistinct stages, into the one above. 

This is what really constitutes colour. The cover on my table 
is partly black, partly red. The same li^t falls on all parts of 
it, out does not produce the same eflfect. The light falling on the 
black part is absorbed, and but little if any reflected. No light 
(or but very little) reaches my eyes from this part of the cloth, 
and it is really invisible to me. This is what is meant by saying 
that a thing is black; we mean that no Hght is reflected &om 
its surface, that we do not really see it The light faUing on 
the red part of the cloth is decomposed, and the red rays only 
reflected, the other being absorbed. Therefore the cloth is said 
to be red. 

I have spoken here of light being partially absorbed and par- 
tially reflected, using ordinary language, as though light were a 
real substance. But it must be borne in mind that it is but a 
vibration of matter, not matter itself. What, then, do I mean by 
a vibration being partially absorbed and partially reflected ? A 
ray of white light mis on a piece of white paper — i.e., a vibration 
falls on the paper of such a kind that if my eye were there instead 
of the paper, the impression made on the optic nerve would be 
that which we call white light. The paper reflects this light un- 
altered (or it would not be white paper), and I still get the notion 
of white light when the lieht falls on my eye — that is, the vibra- 
tion is reflected unchanged in its rate and extent. But how can a 
vibration be reflected ? Only by another vibration being set up. 

The vibration reaches the surface of the 
paper in the direction a o, and by its 
"reflection" is meant that another vi- 
bration is set up in the direction o h — 
that is, the result is in every way the 
same as if the vibration had not met 
with the paper or with any other object, 
pj gj excepting that it has its direction 

changed. This is all the white paper 
does for the ray of light falling on it. 

But now I substitute a piece of coloured paper for the white 
piece. The same ray falls on it, is reflected m exactly the same 
direction, and produces the same effect on my eye in all respects 
except one. That is, the paper, instead of bemg white, is blue, or 
red, or green, as the case may be. Let it be red. What is the 
difference in the two cases ? Just the difference between white 
light and red light. In the one case, the paper reflects all the 
liffht — i,€.f sets up another vibration of the same kind as the one 
fallmg on it ; in the other, the vibration set up is not the same. 
I have said (p. 97) that white light may be considered as a 
compoimd vibration, made up of a number of vibrations, differing 
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in rates and extents. According to one theory there are seven of 
these, each one giving to the eye a different impression— one vio- 
let, another indigo, another blue, another green, another yellow, 
another orange, the last red. These, as we have seen, are separ- 
ated by a prism. The piece of red paper also separates them, and 
absorbs all but the red ray— i.e., all the other vibrations are de- 
stroyed, while the red one alone is continued. The red paper sets 
up only one vibration out of all that fall on it ; this we call re- 
flection. It destroys all the others ; this we call absorption. 

If the paper be green, then all but the green ray are absorbed ; 
if yellow, all but the yellow ray, &c. But Sir David Brewster's 
theory, that there are but three primary colours — ^red, yellow, and 
blue — ^requires a modification of this statement. For if this be 
true, and all colour but these three be compounded of these, then 
such as orange, indigo, violet, are not made of single elementary 
vibrations, but are compound, though in a less degree than white ; 
that is, these are derivative colours, just as are pmk, mauve, and 
Ulac. 

(12.) Speotnim of Colours. — But there is still another phase 
of this subject. The language used in describing the directions 
and effects of these vibrations usually conveys the notion of 
matter rather than of motion ; and it is almost impossible to pre- 
vent this except by the most tedious repetition. When I speak 
of white light being a compound vibration, made up of other 
vibrations, it is necessary to realise fully that each of these may 
be modified by increase of rapidity or extent. So that it is pos- 
sible to conceive that all light, of whatever colour or shade, may be 
but one vibration, and that all varieties of colour and shade may 
be caused by modifications of the velocity and extent of this 
vibration. 

Thus white light — t.^., ordinary light — ^falls on a prism, and on 
the other side is given off a spectrum, made up of a strip of light 
of which the colour is constantly changing. From red at one end 
to violet at the other, it passes through the gradations of orange, 
yellow, green, blue, and mdigo, not changing suddenly from one 
to the other, but shading imperceptibly, so that it is impossible 
to say where one ends and the other begins. 

I have given elsewhere the figures expressing generally the 
number of vibrations in a second, the number of waves in an inch, 
and the length of the waves, made by an ordinary ray of light. 
But these figures vary very much as we go up or down the spec- 
trum. The red rays vibrate with the least rapidity, make longer 
waves, but fewer of them. The violet, at the other extremity, 
vibrates the most rapidly, makes' the most waves, but has the 
smallest extent of wave-length. The intermediate colours are be- 
tween the red and violet in aU these points. Speaking in round 
numbers, we may give the following table : — 



120 



LIGHT. 



Colonr. 


Ko. of waves 
in a second, 
in billions. 


Ko. of wares 

in an inch, 

inthousandB. 


LengUiofiiiewmTes, > 
in ten-mJUiontlis 
ofaaineh. 


Violet, . . . 
Indigo, . . . 
Blue, . . . 
Green, . . . 
Yellow, . . . 
Orange, . . . 
Red, .... 


700 
650 
625 
575 
550 
500 
475 


57 
54 
51 
47 
44 
41 
39 


175 
185 
195 
210 
225 
240 
255 



Violet, 


7 


Indigo, 


6A 


Blue, 


6; 


Green, 


6! 


Yellow, 


H 


Orange, 


5 


Bed, 


4i 



I have expressed the above with as few figures as possible, in 
order to show as clearly as I can the relations between them. 
For this purpose I have omitted all the noughts before or after the 
significant numerals, expressing 700,000,000,000,000 as 700 bil- 
lions, and .0000175 as 175 ten-millionths. But it is important 
not to be misled by this. To understand the comparison of the 
number of vibrations still more clearly, I will express them in yet 
smaller numbers. 

These numbers give roughly the number of waves 
in a second of time expressed in hundreds of billions. 
From these small numbers we see better than from 
the larfi^er ones, that while a red ray vibrates 4# times, 
an oraSge ray' vibrates 5 times. ' This m^ that 
when a ray of light vibrates 475 billions of times in a 
second, the impression it makes on the optic nerve is 
that of red light ; but that if by any means it can be 
made to vibrate more rapidly, the colour — i,e^ the impression on 
the optic nerve — changes gradually from red to orange ; and when 
the number of vibrations reaches 500 billions, it ceases to be red, 
and becomes orange. 

If the number of vibrations be still increased, the same ray of 
light will gradually change from orange to yellow, then from 
yellow to green, from green to blue, from blue to indigo, from 
indigo to violet, and finally, according to some theories, it becomes 
lavender. 

I say that the mme ray of light, as it vibrates more rapidly, 
makes a diflferent impression on the eye ; but it will be at once 
objected that since the vibration itself is the light, if the vibration 
be changed, the light must be changed — i.e., it is no longer the 
same vibration, and therefore no longer the same ray of light. 
And this is quite true. And it may be asked. How can a vibra- 
tion be changed in its rate 1 But I have, I hope, made it clear 
that the colour of any object depends upon the rapidity of the 
vibrations. Thus when I put before me a piece of red olotting- 
paper and a blue book, the reason that one is red and the other 
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bine is that the yibration &om one is at the late of 470 billions 
per second, and from the other at the rate of 625 billions. For 
the same reason a violet dress is violet because the light from it 
vibrates at the rate of 700 billions per second. 

The question cannot but arise, Whence this variety of speed 9 
Why does light vibrate at different rates accordingly as it comes 
&om different substances ? But the answer is not so easy to give. 
One feels tempted to repljr to it by another, asking. Why should 
it vibrate at all ? I admit a rav of li^ht into a small chamber 
otherwise dark, on the side of which I have placed several wafers 
of various colours. Until the light be admitted the wafers are 
alike — ^the^ have no colour at all. The same light falling on them 
produces (ufferent effects. The light coming Scorn, the red wafer 
vibrates at the rate of 475 billions ot vibrations per second. Clearly 
the^cause of this special rate of vibration is in tne wafer itself. So a 
blue wafer sets the light falling on it in vibration at the rate of 625 
millions of vibrations per second. Therefore the blue wafer differs 
from the red wafer in some manner very important as respects its 
action on light. This would seem to be in the colouring matter. 
Just as red and blue glass produce different effects on Hght, not 
because of any difference in the glass, but because of the staining 
matter contained in them. Blue glass is blue usually because it 
contains cobalt ; and it would seem as if it were to the action of 
some few substances used as colouring matter that we must look 
for an explanation of the decomposition of light by ordinary 
methods — ^that is, for the reason of colour in general 

But the question will arise, Is it not possible that difference 
of colour arises from an increase or diminution of the velocity, or 
of the wave-length, of any given ray of light 1 Is it not easier to 
conceive that light is a simple vibration, and that colour is a result 
of some cause c&ectiug this vibration ? May not the phenomena 
of light and colour be explained by means of a less complex theory 
than the one usually put forward ) 

(13.) Elements of Ijlght. — These questions may be sum- 
mcoised thus : What is the element of light ? Is it one element 
only, and are the various colours only phases of this element 
Are there really primary colours ; and if so, how many ? 
Newton considered there to be seven, already mentioned. 
Brewster asserted that there are but three — red, yellow, and blue. 
Euler was of opinion that between the red and violet extremes of 
the spectrum there are innumerable primary vibrations. Euler^s 
theory would make white light to consist of an infinite number 
of primary vibrations, each having its peculiar tint. Newton's 
makes it to consist of but seven such vibrations, and all other 
colours to be formed by combinations of these. Brewster's three 
primary colours are supposed to form all others. But each theory 
considers white light to oe a compound light, and that the action 
of a prism is to separate this compound into its constituents. Is it 



;A<f *xj^ 'A Vsjk vszi.'sssjfaaijiA fRaetiDfis a Eakr ? Msr sot Uie 
Yuii:!Utd^j9i ^d ynasjsar vm Vj 'Oa {pacarsA be a ttB<rflf one ? 
Hxy itfA «iti£>; \^, *M I-SjOf^sR XTAe im '^it isipasal ssilc^ jurt as led 
k Xg^ i*/w*^ K h^ zx'/ t^^fXnsm. fsret a vloie nj, it mmj be 
^AjypiK^^ h vra2d i^A vaofjs^Mk^ £« fxpfrtwl tbis it eoold, see- 
lAj^ iLkt viMft i» ^aJkid Rd^»etiGn is KaDr KSavdadon ; and if 
w&iV; |j;d(t ^/^ •:fMXidf!X*A ai tiie bi^^xss TilBarifflij soch lelaida- 
^m m^ptiyi «t ''/a^ alur it 

H4t it nii;^t b^ t^f^<t:f^^fA that if eoiomcd l^bt vcre cnlj white 
ll^it r*;i)iH^ tb/*A wb«^«T«r a nj of l^g^ foiivin g thnnig^ air 
Um *m sAsim m waUr^ it f lu:mld at onee be changed in colofor be- 
t^HfiM^, tn. tb^ n^Uarfisitif/iL, wheitac we know that li^^ passing 
tufs wtiUfT, or glaw remains white. 

[1<« rtituHtk vn r*am(mi}Ahj and, I beliere, tni& But it mnst be 
\¥frtni in mind that it is air and not glass or water that is in 1m- 
UittfWuJUi i'/mU»fii with the eye. If the light be retarded an passim 
from iUa air t/i the glass, it is accelerated (probably to its origin^d 
¥i^\tH'Aiy) (m ]ftummff again into the air, so mat the dSect on the eye 
b fiH if no glass or water had been Interposed, save that the ray is 
a liUl«5 on tma tilde of its original direction, bat parallel to iL 

Assuming for a moment that this idea is worth consideration, 
K^ us Uika mme of the facts well known, and compare the ex- 
plnruitiiitis of them offcfred by the several theories. The actions 
of liu ordirtiiry prinm will serve as one example. Pore white 
light falling on a ])rism passes from it as several rays, each having 
a dlifijn«nt (jolour, owing to a diflferent velocity, wave-length, ana 
nuinlmr of wuvtw in a given space. The theories of Newton, 
HntWHtisr, and Jilulor all suppose that the difficulty of passing 
til rough tlu) ))riHni retards the passage of the ray, and that the 
various rays liaving vurious velocities are retarded in various 
(Ictgrons, and ho H(!])aratod. The only difference between these 
tlimu'lHH is aH to tlio nuiubur of primary rays so capable of separa- 
tion, whoLlior it bu tliroe, seven, or infinite. 

RtUractiou by means of a prism is usually de- 
scribed as commencing directly the light enters the 
Hubstauco of the ^lass, and each ray is considered 
to oonnuuuuu its divergence at once. This is usually 
wim^Houtod thus : — 

Tlu) ray ou entering the prism is assumed to be 
at onoo decomposed and to pass through the prism 
in Hovcml rays. These all pass out at various 
angh^s with o w*, the original direction, but all be- 
twoou tliat original direction and the base of the 
priAm. In tig. 02 the lines a 6 c are all on one 
k ^' f\\m HiUo of nu Hut if, instead of a prism, I interpose 
r\' ttJ *^ plate with ^>anUlel sides, I have only a slight 
^ altonUiou of dut>ctiau, tmd no breaking np of the 

ju'i'timiiv into OiUoured raysk 
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The line A o becomes the line o' B, but there is no divergence 
of rays from o^ Can we think that the ray on entering is broken 
np into divergent rays, but is again con- 
verged to the second surface 7 Or, can 
we think that the ray of light has the 
power of discriminating between a prism 
and a plate, and becomes divergent or 
remains intact accordingly? 

It would seem, therefore, probable 
that in some cases, at least, the diver- 
gence does not take place until the light 
reaches the second face of the prism. I 
have discussed the matter more fully 
under " Refraction." 





(14.) Temperature of a Spectrum. 
— I make a small wooden box, lined 
with black paper. To this I admit light 
by a small hole, in front of which I put pj ^3 

a prism. The result is a spectrum on 

the opposite side of the box. After examining the colours of the 
spectrum, I propose to give a moment's time to its temperature, 
and therefore hold a thermometer in different parts of it. Speak- 
ing generally, I find that the temperature rises regularly as I pass 
from the violet end of the spectrum, where it is least, to the red 
end, where it is greatest. But this rise does not terminate with the 
visible spectrum, as it might be expected to do. On the contrary, 
it continues — that is, as I pass the thermometer away from the red 
end of the spectrum it continues to register an increasing tempera- 
ture, as though there was an invisible continuation of the refracted 
rays. Fig. 64 shows this variation in the temperature. 

(15.) Chemical Power of Light. — If now, instead of a ther- 
mometer, I place on the screen where the light falls a slip of paper 
that has been 
steeped first in a 
solution of com- 
mon salt, and 
secondly in ni- 
trate of silver, 
I shall have a 
means of testing 

where the power is that effects the chemical changes so well known 
by their results. Just as my eyes tell me the colours of the parts 
of the spectrum, and the thermometer their relative temperature, 
80 this strip of paper will indicate the extent of the photographic 
power of tne sun's rays and its variations of intensity. Also, just 
as the thermometer reveals to our perception the existence of k<e».V 
rays beyond one extremity of the spectrum, bo \\i^ ^Vtv^ Q»i ^^^^"^ 




Fig. 64. 



tt4 UfSBt, 

tiy, TUt ttttfX of uAsct B^^ JXffm MoMb ai dtwrr m to daikea 
fty Mttd ihe tlnp of prejMffed po^Kf » in tins waj daApnwi by the 
ttfMsetrum^ btti maeli more lo at ofie end than at the olhec ul the 
t^let "peat it » laoeh eolomed, in the blue leas ao^ in the ^een 
Um M, in the jtUoWf cmangty and led teaztelj at alL Beyoiid the 
riolet the darkening continaea for some apace, showing that there 
are rays abore the riolet as well as behyw the red. 

Knowing that the nnmber of ribrations increase regnlarlj from 
the red end to the violet end of the spectnmiy it is bnt reasonable 
to infer that the invisible rays beyona the red end vibrate at a less 
rate^ and that the invisible ravs beyond the violet end vibrate at 
a greater rate, than the ravs of the spectrum itsell That is, the 
hi^raysy light-ra^s, and chemical rays make up altogether but one 
set of rays, of which only the central portion is visible, since the 
vibration of the heat-rays is too slow, and that of the chemical 
rays too fast, for our sense of vision to take cognisance. There are 
sounds too loud and sounds too soft for onr nearing, so also are 
there lights too dark and lights too bright for our seeing. 

A vibration at the rate of 450 billions per second gives the im- 
pression of red, at 720 billions per second it gives the impression 
of violet. Any rate of vibration less than 450 billions per second 
gives no impression of colour, and is not light, though it may be 
heat ; an v rate of vibration above 720 billions per second also 

Sves no impression of colour, and, it would appear, is not light, 
ough it has a power of affecting chemical compositions, which is 
sometimes colleu actinism. 

(10.) The Bainbow is an example of the variety of colours 
produced by refraction. For its production it is essential that 
thero should be present sunshine and raiu — sunshine as a source 
of light, rain as a means of refraction. If spheres of ^loss, or any 
other n^fraoting medium, could be suspended in the air, the same 
effect mitfht bo produced. We may imagine the falling rain to be 
a kind oT prism which is constant as a whole, although its con- 
stituent drops ore constantly passing away and being replaced. 
T\w light full lug on this is refracted, and coloured rays are given 
off [\i nmtiy din^ctions. When these are given off so as to reach 
tho (mrtioulur spot whore we may be, we see them arranged much 
us iti A spootrum. But tliere is this difference between a speo- 
trutu tts pMHluoiHl by u prism and one produced by rain, that 
iu i\\t} [irUumtio spectrum i;^*e have the colours produced by the 
deooiu|HV!iition uf a single rav, while in a rainbow each dropof 
Ytvtn is a so^Himte i^ism, and sends but one coloured ray. vTe 
\\1^\^ tUer^fvm> as iutu\^v prisms and decompositions as there are 
ovvlourSf o^ie n^* of oach forming part of the spectrum that we call 
a miuU^w^ 

Ihti It lh<^ rmn drv^^v» bio the means of decompoising the light and 
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80 prodncing colonr, it might be aaked, Why doea not the rainbow 
come down with the lain I In one Bense it does ; but the moment 
it doea eo it becomes inviaible to me, while the fieab diopa that 
eontinuaLly aucceed aod fill up the pl&ce of the otbera perform 
exactly the Bame work as they did, and form precisely the same 
combination of colouta It may be greatly doubted if any two 
people see exactly the same rainbow, and whether, if the rain- 
dropa did not move, the perception of one could be so general as it 
is. Probably the rain-dropa as they moye downwards continue to 
le&act the li^t, and eo send rays to different points. 

Secondly, it may be asked, Why is a rainbow a bow at all ? 
Wliy not a straight line I The anawer to thie is, that if the aim 
be fairly behind my head, though of couree much above it, then, 
whatever be the position of a drop of rain that senda to my eye a 
red ray, either to the ri^t or the left of me, the same result will 
be produced by a drop m an eiactly corresponding position on the 
other side of me. And by the same reasoning it seems clear that 
a drop as much above me will produce still the same result. So 
that with the position of my eye aaacentre, and the distance from 
it of any given drop of rain, I may describe, in imagination, a 
circle, every point of which, it there be tliere a drop of rain and 
the sun can iall on it, making the same angle, will send to me tlie 
Bftme coloured light. The obstaclea in the way of this complete 
circle beine formed, and the various positions the sun maj^ nave 
with regard to this circle, are quite sufficient to account for ita in- 
completeness, answering, not the question " why a rainbow is a 
bow, but " why it is not a circle." 




Fig. 66 showB a normal rainbow, made up of the aeven colours 
commonly known. The half-circle of red, E, is caused by a semi- 
drcle of rain-drops, each decomposing the light falling on it, and 
each reflecting to the same spot, tliat of the observer, a red ray. 
In the same way the semicircle of orange, 0, is caused by orange 
lays being reflected, the cirele Y by yelJow rays, and so on ; eajah 
Ejecting a different colour to any given spot. 



(17.) Speotnun Ani^yalB. — I dip the end of a gUn lod firet 
in water to moisten it, and then in anv salt of sodium. Holding 
this in the flame of a spirit-lamp, it bams vith a bright yellow 
flame. If I change the Bodiam Bait for one of stntntiom, the flame 
is crimson ; if for one of calcium, a light red ; of barium, a 
yellow gKisa. Thallium gives a br^ht green, potaasiam a violet, 
aluminium a blue, and copper also a green. 

Any of these when raised to a vapour and heated gives out 
light, and this li^t when it passes through a prism gives a spec- 
trum ; but there is the important difference, tnat this speckum 
is not a long strip of varied colours, hut sim.ply one or more 
bright stripes placed across the space that would "be occupied by 
an ordinary spectram if there were one. Thus the spectrum of 
sodium is one band of brilliant yellow, of thallium one bright 
green hand, of lithium a bright crimson band, and a fainter one at 
some distance from it. The spectra of barium, calcium, and stron- 
tium have numerous bright bands. 

In fig. 66 I have shown the chief dark Una of the solai spec- 
tmm, and the chief of the bright hands that constitute the spec- 
tra of Bodium, ba- 
rium, calcium, and 
strontium. The 
bright spaces in the 
engraving are very 
much too wide, but 
it is impossible to 
show them with any 
approxiinati on to ac- 
curacy. It will be 
'■ noticed that the po- 
Pig. M- sition of the bright 

hand in the sodium spectrum is identical with that of the dark 
line D of the solar spectrum. 

No two elements appear to give the same band, or series of 
bands, so that one elementary substance is at once distinguished, 
with unerring accuracy, from another by this means. Also, a 
compound substance gives as its spectnim, not one of its own 
mailing, but those of the elements composing it. If two vapoun 
be heated together, the spectrum of one does not appear in any 
way to interiere with that of the other, but the two lines or eats 
of lines appear individually without any confusion or interfer- 

But if in the path of the rays so re&acted I interpose vapour of 
the same kind as the heated vapour giving out the ray of light, 
the bright bands no longer appear. Sodium vapour absorbs the 
light «ven out by sodium. Hydrogen absorbs the light given out 
by hydrc^n. lion, raised to a vapour, absorbs the tight givoi 
out by iron. 

/ bare described (p. 98) the spectnim cast by solar light as 




SPECTRUM ANALYSIS. 127 



Violet 
Indigo. 
Blue. 

Green. 

Yellow. 

Orange. 

Bed. 



being crossed by a multitTide of black lines, as though the light 
had passed a grating and been broken up into pieces. 
The absorption of some of the light from its passage R ' 
through vapours of the same kind as those produc- 
ing tiie Hght, causes these black lines. A black ^' 
line in a spectrum is evidence of the presence of the ^ . 
same vapour both in the source of Hght and in its 
path. The position of the line in the spectrum pq- 
points out also what the vapour is. A bright yellow p 
fine is indubitable evidence of the presence of so- ^ 
dium in a state of incandescence ; a black line, in- p - 
stead of the bright yellow one, is as complete an ^. 
evidence of the presence of sodiiun vapour in the ^- 
path of the sodium light. This black line is found Fig. 67. 
m the solar spectrum (one of the best known, 
called D), and is accepted as proof of the presence of sodium in 
the sun. 

So with iron and magnesium. If I arrange my prisms so as to 
throw side by side the spectrum of a solar ray and the spectrum of 
iron or magnesium vapour, I find dark lines in the solar spectrum 
exactly corresponding with the bright lines in the metallic spec- 
trum. In this latter I can convert these bright bands into dark 
ones by interposing a vapour of the metal giving the light. I now 
have two sets of dark Imes exactly corresponding. One set (in 
the metallic spectrum) I know to be caused by the light of a par- 
ticular metal (say iron) passing through a vapour of the same 
metaL I also have every reason to believe that no other sub- 
stance can give the same set of lines, and therefore the black lines 
in the solar spectrum are conclusive evidence of the presence of 
iron in the sun. 

In this way I am led to the belief, or I may say certainty, that 
there are in the sun many of the elements familiarly known to us, 
such as iron, sodium, magnesium, copper, zinc, barium, calcium. 

This seems very simple to read, and not difficult to comprehend ; 
but it requires delicate apparatus, dexterity of operation, careful 
and continued observation, and, above all, 'patience and fdelity. 
Nature does not always write in glaring colours or in letters of 
gigantic size ; but her characters, however minute, are clear, and if 
difficult to decipher, are written with unerring accuracy. To un- 
derstand her iMiguage we must bring to the study patience and 
liTiinility, determined to read what is written, not what we imagine 
is or ought to be. 

So in spectrum analysis we have to examine lines of such ex- 
treme tenuity that we require a microscope to enable us even to 
see them, so scattered that we cannot see them all at once, and of 
such a delicate character that they are invisible except in the com- 
plete absence of all other light. 

(18.) Speotrum Apparatus. — To overcome a^ ^i3[ieafc ^aSSiCK^- 
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ties it has been necessary to adopt new ai)paratn8, and the name 
of "Spectroscope" has oeen given to this new combination of 
lenses and prisms, which enables us to see these delicate lines 
which tell us so unerringly the very nature and composition of 
the heavenly bodies, and have inaugurated a new oranch of 
science. 

As an illustration of the importance and value of the spectro- 
scope it may be mentioned that it seems to have settled the long- 
pending question as to the nature of nebulae. It is found that the 
spectrum in this case is but a few bright lines, leading to the in- 
ference that the nebula is not a cluster of very distant stars, as has 
been sometimes supposed, but a mass of glowing gas. All known 
stars emit light of varied refrangibility, that can therefore form a 
spectrum ; but the nebulae emit light of one refrangibility only, 
and therefore only form a few bright lines in the spectroscope. 

The spectroscope is, essentially, a telescope with a prism at one 
end. The prism is for the purpose of refracting tne light, the 
telescope to magnify the image. 



a 




a 




h 



Fig. 68. 



The above figure shows the simplest form of spectroscope, con- 
sisting of a prism A, having on one side a tube B, and the other a 
telescope C. The end h of the tube B is closed by a brass plate, 
which can be removed very gradually by a small screw. For use 
a very narrow slit or opening is made, and a ray of light passes 
down the tube either from the sun or from any substance burnt in 
a spirit-lamp near the opening. The light passes through the 
prism, being refracted according to its nature, so that it would fall 
upon a screen c d i£ one were placed to receive it. Instead of 
this, however, the telescope C is placed so as to receive the differ- 
ent portions of the spectrum as it is moved to the right or the left. 
For this purpose it is mounted on a pivot. 

The instrument is used thus : I open the tube B so as to allow 
a narrow beam of light to enter and pass down and impinge on 
the prism A. I then turn the telescope C to the right or the left 
until the portion of the spectrum that I wish to examine falls on 
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the object-glass. The tLse of the telescope is then to magnify this 
object in the ordinary way. It will be seen that the wnole of a 
epectrom cannot be seen at once through the telescope, any more 
than the whole of the stars can. To compare the lines in one 
spectrom with those in another the telescope is fitted with a gra- 
duated arc, so that the exact position of any line in a spectrum 
can be registered for reference. 

(19.) Pluoresoenoe. — ^When the lis^ht falls upon a prism, which 
we place in its path for the purpose of refracting it, it sends out a 
fumke set of rays, but it also absorbs some of the original ray. 
Therefore the spectrum is really only a portion of* the light that 
fiEdls on the prism. Qlass seems to absorb the rays of high refnm- 
gibility more than the others. Quartz does this to a less extent 
than glass, and therefore gives a longer spectrum, so much longer 
that tne invisible portion — the rays beyond the violet — extend to 
twice the length oi the coloured rays. But a spectrum has been 
obtained in which the invisible rays extend even further than 
this, even to five and six times the len^h of the visible portion. 

Tliese invisible rays may be made visible more or less by several 
means. Thus I produce an ordinary spectrum by means of a 
prism of quartz, rart of this is visible, part (and the larger part) 
mvisible. I now fill a tube with sulphate of c[uinine and hold it 
in front of the spectrum, passing it along the visible rays from the 
red to the violet end The colours of the spectrum are but little, 
if at all, affected ; but when I reach the invisible part of the spec- 
trum, I find a pale-blue colour developed, showing clearly that the 
spectrum extends far beyond the visible portion of it, and also that 
tne invisible portion is so only because its number of vibrations is 
too great to impress our sense of vision. That this number is re- 
duc^ is shown by the blue colour. » 

Another method of rendering these extreme rays more or less 
visible is to let them fall on some surface that will affect them in 
the same way as the quinine sulphate. Ivory and yellow glass, as 
well as phosphate of uranium, are such substances. 

The fact that rays can have their velocity and conseauent re- 
frangibility thus changed cannot but suggest serious consiuerations 
as to whether light be really the compound of absolutely primary 
lays it is ordinarily considered to be. 
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The eye, whicli is our only organ of si^t, or means of appredat- 
ing light, is essentially the termincUum of the optic nerve, 
Kpread out, in a number of very fine filaments^ over part of the 
inner surface of a hollow sphere, which we call the ball of the eye. 
llie light falls upon these threads, and, by exciting the nerve, 
communicates to the brain the sensation of sight. Light radiated 
from any object would spread over the surface of the eye, as over 
any other surface, were there not the means of convergence. This 
convergence is necessary for the formation of an image on the 
retina, or reticulated surface formed bv the nerve filaments. It is 
effected by means of two lenses which close in the front of the 
oveball, and on which the light falls. The first, and outer, of 
tlicBo is the oomea, a cylindrical convex lens, which, by ordinary 
refraction, converges rays before divergent. A second lens, behind 
the first, and called the orystalline lens, increases this refrac- 
tion, and ^in a j)erfect eye) brings all rays falling on the eye to a 
point on tne retina. 

The varieties of light are — sunlight, light from heated bodies , 
electric light, and j^Jiosphorescent light Page 94. 

Light moves with a velocity of about 200,000 miles per 
second. Page 102. 

Lights are compared by means of their brightness, or of the 
shadows which they cast. Page 103. 

Light remains upon the retina during an appreciable 
interval of time. Page 104. 

Light is a vibration, either of ordinary matter, or of a very 
rare and subtle ether, but probably the former. Page 105. 

Light radiates in straignt lines, and in all directions. 

Page 111. 

Light is reflected in the same manner as heat or sound. 

Page 112. 

Light is refracted, but refraction is only a peculiar phase of 
I'eflection. Page 115. 

Total reflection is also only a peculiar phase of reflection. 

Page 115. 
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Colour is obtamed only by refractioii and dlBpersion of light. 

Page 116. 

Coloured light diflfers, in its rate of vibration, length ofwavt^ 
and number of vibrations, from white light. -Page 120. 

White light is either compounded of coloured lights, or is one 
of them and the highest in the scale. Page 121 . 

Ordinary white fight, after pa^sdng through a prism, assumes 
the form of a coloured spectrum. Page 123. 

The colours of the spectrum pass from red, through orajige, 
yellow, green, blue, and indigo, to violet. Page 123. 

The tem^perature of a spectrum, increases as we pass from 
the violet towards the red extremity, and continues to increase 
afterwards. Page 123. 

"Hie chemical power of a spectrum increases from the red 
to the violet, and continues to increase afterwards. Page 123. 

The rainbow is a special instance of refraction and reftec- 
tian. Page 124. 

Any substance raised to an incandescent vapour gives a spec- 
trum; and each element a spectrum peculiar to itself. Page 125. 

The Spectroscope is an apparatus to detect and measure 
these spectra. Page 127. 

Invisible portions of a spectrum may sometimes be ren- 
dered visible. Page 129. 
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Franhlinie Electricity I '■'^^ *™!t *,^ 

(1.) Introduction. — ^A piece of sealing-wax briskly rubbed 
witb a piece of flannel has the propertjr of attracting very light 
substances, such as pieces of gold-leaf, pith-balls, &c. So also has 
a ^ass rod, but the electricity developed in one case seems to be 
different from that produced in the other. Thus substances 
attracted by an excited glass rod will be repelled by an excited 
stick of sealing-wax, and vice versd, 

I strew some small pieces of gold-leaf and some pith-balls on a 
sheet of paper, and hold over them a stick of sealing-wax after 
rubbing it smartly. The pieces of leaf at once fly to the wax, and 
remain attached to it ; wmle the balls will jump to the wax, ad- 
here for a few seconds, and then fall. The pieces of leaf being 
lighter, remain for a much longer time adhering to the wax, 
though it may be noticed that the attraction gradually decreases 
in force. 

It would seem as if the friction had developed on the surface of 
the wax rod some force that attracted the balls and gold-leaf, but 
was unable to retain them ; as though, after attraction, they them- 
selves xmderwent some change. Exactly the same effects are pro- 
duced by means of a glass rod excited by a piece of silk ; but it 
will be found that the two attractive forces are not identical, but are 
rather two parts of a more comprehensive force. If I cause a few 
pieces of gold-leaf to be attracted to a stick of wax, and then hold 
a freshly-excited rod of glass near them, they will fly from the 
wax to the glass ; and if me wax be then again excited they may 
be reattracted, and so on, as though one of the force was strong 
when the other was weak, and vice versd. But in the case of a 
student new to the work of experimenting, it is well to bear in 
mind that the results of experimeiit& ax^ not ^Vn^^« so simple or 
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nnifoim as might be expected if it be not recollected that in ex- 
perimental science we work in a vast factory, where the varied 
forces of the world are in fall action around us, and often in so 
delicate and subtle a manner that our senses are too gross to take 
cognisance of them ; and that to secure success an experimentalist 
needs accurately-finished apparatus, or, what is still more useful, 
a skill in mani})ulation that can only be acc^uired by practice, and 
a ready perception and appreciation that is the reward of long- 
continued and humble application. 

If two slips of gold-leaf be enclosed in a small glass and con- 
nected with an external conducting substance, such as a small 
plate of brass, we shall have a delicate means of testing ^e pre- 
sence and strength of electricitjr. If any quantity of electricity, 
however small, be brought to the brass plate, it ^ml be conducted 
to the eold-leaf, and its presence will be evidenced by the diverg- 
ence of the leaves. 

Fig. 69 shows one of these ** gold-leaf electroscopes," consisting 
of an ordinary class shade on a wooden 
stand, closed at tne top by a metal stopper, 
the upper part of which is a flat plate. 
The lower end has attached to it two strips 
of gold-leaf, fig. 70. These han^ side py 
side until electricity is commumcated to 
the plate at the top. This top, the rod of 
the stopper, and the strips of gold-leaf be- 
ing all metallic, the electricity spreads over 
the whole. Tne gold-leaves are the only 
parts capable of motion — t. e., which the 
electiicify has force enough to move-^and 
they are repelled accordingly, whether the 
electricil^ be positive or negative, fig. 71. 

Electricity can be generated, as we have 
seen, bv the friction of a stick of wax or of a glass rod. To con- 
vey it from the glass or wax to the electroscope (as the gold-leaves 
enclosed in a glass with external brass plate is called), it is con- 
venient to use a kind of shovel or spoon, made by fastening a 
piece of paper covered with ^Id-leaf to the end of a stick of seal- 
ing-wax. The paper will wipe off, as it were, the electricity from 
the excited surface and convey it to anything else with which it 
maybe brought in contact, while the wax haudle prevents its 
escape. 

It, therefore, after exciting the surface of a rod of glass or wax, 
I draw the paper lightly over it, and then lay it on the brass 
cap of the electroscope, I charge the latter, as is shown by the 
divergence of the leaves. I mi^t laj the excited rod itself on the 
cap, but the use of a paper shovel is much better. Wax, glass, 
or any substance useful for the development of electricity, will 
be found to be a non-conductor of it ; so that only the electdcit^ 
generated on the actual spot in contact mth. l\ie ca."^ ^o>3\.^ ^^^ 
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to it, while the paper, when drawn along the excited snrfiEice, 
cleans it of the electricity, which it conveys to the cap in a much 
more delicate and graceful manner. 

Using this electroscope, we may compare the electricity devel- 
oped by rubbiim the glass rod with that produced from the 
stick of wax. If by means of one I cause the leaves of the elec- 
troscope to open, the other will cause them first to close and then 
again to diverge. Thus, if I apply resinous electricity, the leaves, 
being both negative, repel each other. K when they are apart I 
apply an excited glass rod, the leaves close, because the vitre- 
ous or positive electricity counteracts the negative and restores 
equilibrium. But it is nearly impossible that the two amounts of 
force should be exactly equal, so that the leaves are almost sure 
to diverge either from the remaining force of the negative, or from 
the surplus force of the positive. The leaves will diverge whether 
they be charged with positive or with negative electricity, so that 
their divergence tells only that they are electrified, not with 
which force. 

The electricity of a glass rod is called vitreous eleotrioity, 
while that of a stick of wax is caUed resinoTis. Also glass is 
said to give positive, and wax to give negative, electricity. 
But it is easy to develop resinous elecmcity from glass, and vitre- 
ous from resin, by using other rubbers than the silk and flannel 
ordinarily used. If I rub ghiss with flannel or cat's skin it is 
negatively electrified ; if with silk or the hand it is positively ex- 
cited. So I excite resin negatively with flannel or cotton, and 
Sositively with gun-cotton. Silk is usually taken for glass and 
annel for resin, because, of all e^ily obtainable materials, these 
are the most efficacious. If I rub smooth glass with rough glass 
the smooth is excited positively and the rough negatively. So 
that whether the electncity be positive or negative depends upon 
the nature of both bodies. The term vitreous is derived from 
glass, and resinous from resin ; but the terms positive and negative 
bring before us the theories that are used to account for the effects 
of the two electricities and for their differences. 

One theory is that of the existence of two fluids, so subtle as to 
be perceptible only by their effects, that pervade all substances, 
and when united in equal quantities, give, as it were, electrical 
equilibrium, but either of which by itself evinces a powerful 
attraction for the other wherever it can be foimd. 

Thus a stick of wax in its natural state is supposed to contain 
both fluids, but when rubbed to have but one, the other being 
removed bv the friction. So with a stick of glass. This theory 
supposes that the fluid removed is to be found on the surface of 
the rubber ; and it is always found that when a glass rod is by 
friction made positive the rubber is negative, and that the flannel 
which excites in a stick of wax negative electricity, is itself 
excited positively. 

Assuming, therefore, the theory that aU bodies contain natur- 
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ally these two fluids in equal quantities so as to be electrically 
at rest, friction removes from glass one of these, and from wax 
the other, the one removed being found on the rubber. 

But another theory assumes the existence of but one fluid; 
and a body is said to be positively electrified when it contains 
more than its natural quantity, and to be negatively electrified 
when it contains less. Thus bv rubbing a stick of wax with a 
piece of flannel, I am supposed to remove part of the natural 
amount of the electric fluid from the wax to the rubber, so 
that the wax contains less, and the rubber more, than its 
normal quantity. Then the wax is negative and tlie rubber 
positive. 

In the same manner, if I excite a glass rod by friction with a 
piece of silk, the quantity of electricity in the ^lass is increased, 
and in the silk decreased, by the same quantity, and then the 
glass is positive and the silk negative. 

Vitreous, or positive, attracts negative, or resinous, electricity, 
but repels its own kind. The same is true of negative electric- 
ity — i, e,y each kind attracts the other. 

If the two -fluid theory be correct, then it is necessary to 
assume that the two fluids are both antagonistic and sympathetic 
— i. c, they display opposite qualities, but yet attract ana satisfy 
each other. This is m its favour rather than a difficulty. 

But the single-fluid theory only requires that a body positively 
electrified (i.€., containing more than its normal quantity of 
electricity) should attract any substance that is negatively elec- 
trified (t. €., containing less than its normal quantity), to which 
it can impart its excess ; and also that a negatively electrified 
body should attract any positive substance, from wnich it may 
receive what it needs. So that by this theory there is a con- 
stant tendency towards the restoration of an "equilibrium that 
has been disturbed ; and two bodies, containing each less, or 
each more, than the normal quantity of electricity, naturally 
repel each other, as tending to increase the disturbance rather 
than to restore the equilibrium. I do not think either theory will 
exist very much longer. 

(2.) Effects of Electricity : These are numerous and varied. 
(A.) Attraction and Repulsion. 
rB.i Development of Meat 
(C.) Development of Light. 
(D.) Chemical Action, 
(E.) Development of Magnetism, 

(A.) Attraction and Repulsion, — I take two glass rods, two 
sticks of shellac or rosin, and a few pith-balls. I rub the glass 
with sUk, the shellac with flanneL The glass rods are now elec- 
trified positively, the shellac sticks negatively ; the-pith balk «x& 
neutraL 
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The class rods attract the shellac and the pith-balls, but repel 
eacn other. 

The shellac sticks repel each other, but attract the glass rods 
and the pith-balls. 

The pith-balls neither attract nor repel either the glass, or the 
shellac, or each other. 
Generalising this we may say — 

AU bodies that are electrified positively repel each other, but 
attract all other bodies, whether negatively electrified or 
neutral; 

All bodies that are electrified negatively repel eacb other, but 
attract all other bodies, whether positively electrified or 
neutral 

All neutral bodies have no attractive or repulsive action at all 

When one body is attracted by another, tne common stock of 
electricity is divided between them, according to their extent of 
surface. Accepting the single-fluid theory, a gmss rod is positively 
electrified because it contams more than its proper sharie. It at- 
tracts any body that is negative — i, «., contaimng less than its 
proper share, or neutral — ije,, containing its nomud amount. The 
negative body becomes more nearly neutral, the neutral body be- 
comes positive, because each receives electricity from the positive 
body. So a negative body makes a neutral body also negative, 
and a positive more nearly neutral, by drawing from them part 
of the electricity they possess. 

(B.) Development of Heat, — If I connect a positively 
charced body with one negatively charged, by means of a thick 
metallic rod, the electricity flows freefy aloDg it, and gives no 
sign of heat But if I gradually diminish the thickness of this 
connecting rod, I also gradually increase the amount of heat de- 
veloped. It is not that electricity produces heat, but that it be- 
comes heat. I use a stout brass rod to transmit electlicity, and 
it presents no sign of such conversion. I substitute a thinner 
rod, and it feels warm : a finer wire becomes hot. Or (instead of 
diminishing the thickness of the connector) I substitute one of 
less conducting power, and with the same result of heat. It 
would seem from this that electricity becomes heat when a diffi- 
culty is interposed in the way of its passage. If I sprinkle a little 
gunpowder on a metal plate, an electric spark passing between 
thick metal wires will pass so quickly and easily that the gun- 
powder will not be fired. But if I interpose a badly conducting 
substance, such as a wet string, the passage of the electricity wifl 
be impeded, part of it will become neat, and this heat will fire 
the powder. 

If I make a hole, an inch across, in the side of a tub of water, 

the water will flow out at a certain rate ; if I make the hole 

larger, it will flow more rapidly ; if I make it smaller, it will 

flow more slowly. Just in the same way the thicker a conducting 

rod is, the move easily electricity will flow through it If now. 
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instead of altering the size of tlie hole, I place in it a sponge, I 
also reduce the <mantity of water that can flow through it ; and 
the more tightly I ping the hole, the less water will pass through 
it in any civen time. 

Now, if I suppose the water to he electricity, I cet a fair com- 
parison of its passage through good and bad conductors. Heat 
IS developed ordy when the free passage of the electricity is 
hindered, either by the want of room or the want of conducting 
power. 

(C.) JDevelopment of Light — This is probably only an ex- 
treme case of heat. If by gradually reducing the thickness of a 
conductor, or by using bad conductors, I cause the electric force 
to assume, more and more, the appearance of heat, a still greater 
diminution will develop light. A fine wire will become warm, 
hot^ glowing, or be fased, according to the amount of electricity 
present beyond that amount which, it can freely conduct. The 
electric spark is produced by the interposition of a bad conductor, 
such as air. 

(D.) Chemical Action. — A succession of sparks passed 
through ordinary air produces nitric acid, by causing the com- 
bination of the oxygen and nitrogen of which the air is composed. 
Iodide of potassium may be decomposed by an electric spark, if 
the two wires be placed so that tne spark passes through the 
iodide. 

By much greater power water can be decomposed, and the con- 
stituent gases recomposed. 

But chemical action is much more easily produced by voltaic 
electricity, and will be spoken of more at length under that head. 
(E.) Development of Magnetism. — I coil round a fine steel 
needle the wire of an electnc circuit, and I find it has become a 
magnet — i. c, will tend to set itself north and south, and will at- 
tract very light iron bodies or another magnet like itself. This 
also is more easily and extensively done oy voltaic electricity, 
and I will therefore discuss it as a subdivision of that phase of 
electric force. 

Of these five, B and C are probably the same, excepting in 
degree. The last (E) is probably a pAowtf rather than an effect of 
electricity. Chemical action is the term used to express a con- 
current action on two or more substances that are closely together ; 
and probably, if we could distinguish the separate action of the 
electnc force upon each of the constituents, it would be seen that 
"chemical action" is only the concurrence of two or more phases 
of A or E — ^. e,, of attraction or magnetism. Lastly, it seems more 
than probable that attraction and repulsion are but special cases 
of magnetism. 

In other words, Heat is rather a conversion of electricity than 
one of its effects; Iiight is probably only an extreme degree 
of heat ; Chemical Action is possibly a phase of atfera>a\\ciTi \ 
Attraction is prohahly only a special case oi magaeXivsHi \ «xA 
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Magnetism is, I think, only electricity under another name, 
or, what is even more likely, electricity itself is a phase of 
magnetism. 

" But," I can easily imagine my reader exclaiming, after re- 
covering his breath, "you aboHsh everything! Heat and light 
are electricity over again, chemical action is attraction, attraction 
is magnetism, and magnetism is electricity, or rather, electricity 
is magnetism! According to this, everything is nothing, and 
nothing is anything." 

I can only reply, with humility. It is not that nature is so in- 
significant, but that we are — ^that man is not the proprietor of the 
world, but the tenant-at-will — that it is not for lum to divide the 
universe into classes, and to bottle, duly labelled, specimens of 
each. Such terms as Magnetism, Electricity, Galvanism, Heat, 
Light, &c., simply express the incompleteness of our perceptive 
powers, and the very elementary stage of our knowledge of 
nature. We see the same thing many times, under slightly 
different aspects, and we give it many names. 

(3.) Sources of Electricity. — Confining our attention to 
what is called "frictional electricity," we have to consider the 
question. How is it to be produced ? by what means can we impart 
to any given substance these powers of attraction, repulsion, &c. 
&c.? The name "frictional" at once suggests one method,— that 
of friction. For friction two bodies are requisite, and both are 
electrified, one positively and the other negatively. I rub a piece 
of glass with a piece of oiled silk : the glass is positive and the 
silk negative. 1 rub a piece of vulcanite or shellac with flannel : 
the vulcanite is negative, the flannel positive. The glass and 
vulcanite are non-conductors ; but it is c^uite possible to develop 
electric force by the friction of conductmg substances, even the 
best conductors, such as metals. But it is necessary to prevent it 
being conducted away as rapidly as produced. In the ordinary 
gold-leaf electroscope this is done ; and if the brass 
top be rubbed briskly with almost any substance, the 
nin leaves diverge more or less. When two bodies are 
y^ ^s. rubbed together the electricity is not evident untdl they 
are separated. 

But there are other means besides friction of pro- 
ducing even "frictional" electricity, so that it is a 
question whether the term be sirfficiently compre- 
hensive. 1 press together any two substances, one a 
good conductor, and one a bad one. On separating 
them quickly, both are found to be electrified. So 
that pressure may be considered as a means of de- 
veloping electricity. 
Cleavage is said to develop electricity. This method is most 
easily shown in minerals having lines of cleavage. Thus a plate 
of mica cut in this way, and the parta separated quickly, will show 
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signs of the presence of electric force. It is necessary that the 
separation should be quickly made, otherwise the electricity is 
rendered inapplicable rrom the positive and negative forces re- 
composing and consequently neutralising each other. 

Some minerals show signs of electricity when their temperature 
is raised or lowered. In this case, when the temperature is rising 
the mineral is really a magnet, one end being positive and the 
other negative. While it cools the poles of the magnet are re- 
versed, but it is still reaUy a magnet. If it be broken, each part 
is a magnet, showing that the pokrisation extends throughout, as 
in an ordinary magnet. This method of developing electricity 
from heat comes more prominently before us when we consider 
Thermo-eleotrioity. 

(4) Conduction of Eleotrioity. — All substances may be 
classed in three groups : — 

1. Good conductors — along which electricity passes with- 

out interruption, and without giving any sign of its 
presence. 

2. Non-conductors — along which electricity cannot pass. 

3. Bad conductors — along which electricity passes with 

more or less difficulty, and with more or less develop- 
ment of heat. 
Thus, while a current passes unobservedly along a good con- 
ductor, and not at all along a non-conductor, its passage along a 
badly-conducting substance is marked by heat and light. A 
sparK between two good-conducting substances will pass through 
gunpowder without igniting it, but if a badly-conducting substance 
be introduced into the circuit (&o as to retard the passage) heat 
will be developed and the powaer fired. Thus, if I place a little 
powder on a discharger, a spark will merely scatter it somewhat, 
but a piece of wet string interposed will so retard the speed of 
the current as to set fire to the powder. I have discussed the 
conduction of electricity in the chapter on " Conduction." 

(5.) Conduotors and I^'on-Conduotors of Electricity. — 
In the plate machine, the same substance, and the same piece of 
it, serves for the development of electricity and for the insulation 
of it Thus the outer zone of the glass is the means of the elec- 
tricity being present, while the central portion prevents its pas- 
sage and escape by the handle. 

Conversely, the brass conductor serves as the best means of 
conveying the electricity, though no amoimt of friction on the 
surface of the brass itself will develop any. And it will be found, 
geaerally, that substances on the surface of which electricity can 
be developed wiU not conduct it ; and, conversely, substances on 
the surfaces of which electricity cannot be developed will serve to 
conduct it. But insulated conductors become practically Hon* 
conductors. 
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Condueton. 

Metals. 

Carbon. 

Ye^^etables. 

Animals. 

Earths. 



Jftm-CojUhidon. 

Gnm-lac. 

Amber. 

Glass. 

Silk. 

Leather. 



These are only a few of tlie most familiar of the substances that 
can serve either as conductors of electricity or as sources of it 
The most general theory is that every suDstance is capable of 
both — i,e,f that every substance can be electrified, and can also 
conduct electricity ; but that the more it can do one, the less it 
can do the other. Thus in the following list : — 



Greatest. 



Least. 




Gnm-lac. 

Amber. 

Glass. 

Silk. 

Leather. 

Earths. 

Animals. 

Vegetables. 

Carbon. 

Metals. 




Least. 



Greatest 



It is not meant, in any way, to convey by the above diagram 
that the power as a source decreases in regular amount for each 
substance, or that the conducting power increases regularly, but 
only that as the power as a source increases, so the power as a 
conductor decreases, and conversely; so that when a substance 
is a good source of electricity, it is useless as a conductor, and 
a good-conducting substance is useless as a source. 

The power of substances to conduct depends much on the at- 
mosphere. Dry air is a non-conductor ; and therefore, a body 
mounted on glass legs is insulated from the ground if the air be 
dry. But if the air oe moist, then the watery particles in it con- 
vey away the electricity (water being a good conductor) and also 
moisture will collect on the surface of the glass legs, and will 
serve as a conductor to the ground. It is therefore necessary to 
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perform experiments in a warm room, since otherwise the air may 
contain moisture, which wiU dissipate the electricity as rapidly 
as it is excited. 

Electricity may be conveyed to an^ distance by means of suit- 
able conductors, or kept within any given limits by means of suit- 
able insulators. But the creater the surface over wMch the charge 
is diffused, the weaker it becomes at any given point ; just as any 
given quantity of water becomes more shdlow when poured from 
a smaller to a larger vesseL So also any conducting substance, if 
charged, can only be insulated to a certisdn degree ; for when the 
body is fully charged, any excess of electricity will discharge itself 
in the form of a spark towards the nearest conducting substance. 

(6.) 19'atiire of Electrio Spark. — The passage of a spark 
from one conducting substance to another must be conBidered 
as the development of heat ^in a sufficient degree to cause lumin- 
osity) owing to the retardation of the current by the badly-con- 
ducting quality of the air. The same result is obtained by 
passing a current through any other badly-conducting substance. 
Thus, if I bring two points nearly together in the middle of an 
orange, an apple, an ivory ball, or anything similar, the whole of 
the ball (or apple, &c.,) will become lummous by means of the 
spark that passes through its centre. 

It seems that electricity requires a conductinff substance, and 
that it cannot pass across a vacuum. Air conaucts better the 
more rarified it is, for a s^ark may be obtained from a good 
machine of four or five feet in length through a tube of ranfied 
air, when, through ordinary air, from the same machine, one of 
sixteen or eighteen inches would be the longest possible. The 
length of the spark seems to increase as the density of the air is 
reduced, but if the tube be altogether exhausted it seems impos- 
sible to get a spark at alL 

Electricity is discharged much more readily from angular than 

from rounded surfaces. From the spherical knob of a conductor 

the electricity will pass in sparks to the knob of a Leyden jar, but 

if I insert a pointed wire, the electricity will be given off in a 

const^mt stream of fine threads of light, resembling a small broom. 

From the surface of the knob it can only escape in sparks, each 

of which discharges an accumulation, but from the point it is 

gjiven off as rapialy as it is generated. But in either case its 

passage through air (which is a bad conductor) is marked by the 

development of heat and light, owing to its retardation. 

It wiU be noticed that the conductor of an electrical machine 
is rounded in every part, great care being taken to prevent there 
Wng any angular projections. The electricity, diffused equally 
over the whole surface, finds no one point specially favourable 
for discharge, and so every point becomes charged to its utmost 
containing power before any is given off. 
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Fig. 78. 



Fi;;. 73 shows an electric ^'brosh'' given off hy means of a 
short wire from the prime condnctor of a machme. Before I 

insert the wire, I get^ at inter- 
vals, a series of sparks femi the 
condnctor to the knob of the 
Leyden jar. Bat when I insert 
the wire, I get, instead of the 
sparks, a nnmber of very fine 
threads of continnons licht issu- 
ing from the point of me wire, 
even if there be no Leyden jar. 
The conditions of radiation 
seem to be the same for elec- 
tricity as for heat A polished 
cover is better for keeping meat 
warm than a rough one, any 
points, however small, assisting 
radiation of heat. Precisely 
the same is true of electricity. 
A polished and rounded sur- 
face favours the retention or accumulation of electricity. Points, 
however small, favour its radiation. The "spark" is the dis- 
charge of an accumulation which the rounded conductor can no 
longer retain ; the " brush " is an immense number of sucb sjjarks, 
very small, and radiated so rapidly (because of the diminished 
j)0wer of retention, owing to the pointed wire) as to appear like 
(jontinuous lines of light. 

(7.) Nature of Electricity. — It may be said, then, that any 
substance will, by friction, produce electricity, but that only some 
substances can conduct it. Those that do conduct become, prac- 
tically, non-producers of electricity, because so fast as it is de- 
veloped so fast is it carried away. All substances are by nature 
(liviaed into conductors and non-conductors, or rather into good 
and bad conductors, and this divides them also into electrics and 
non-electrics, since only bad conductors can be used as electrics. 

But just as all substances are practically divided into two cIasscs, 
electrics and non-electrics, so all electrics are themselves divided 
into two classes, of which the electricities seem to be opposite in 
character, though alike in properties. This division is a natural 
one^ though the place of any given substance is not fixed, but 
vanable. 

There is evidently a close connection between electricity and 
heat. Electricity retarded develops heat ; heat produces an elec- 
tric current if two metals, of unequal conducting powers for heat, 
bo wanned when forming part of a metallic circui£ Is it possible 
that heat and electricity are but two phases of one natural power, 
and that the rapidity or direction of the vibration determines in 
which it shall be manifested 1 A^tvin,t\i^ vibrations of an electric 
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current deflect a mamietic needle at right angles to its path, but 
not an ordinary needle. What is the difference of condition be- 
tween an ordinary piece of steel and the same when magnetised ? 
Is it not that in one the atoms are arranged irregularly, and in 
the other regularly, their poles being held together by magnetic 
force ? But then, what is this magnetic force ? Is it a vibratory 
state of the poles of the atoms ? 

If so, may not the attraction and repulsion of magnetism and 
of electaidty, and also the influence of one on the other, be really 
due to one and the same cause — i.e., to the direction of this vibra- 
tion ? It seems not impossible that while the vibrations of heat 
are to and fro in strai^t lines, those of electricity are circular, 
there being somewhat the same difference as between the wire of 
a chair-spring when compressed and when extended. It may be 
that the vibrations of an electrified wire coincide in direction with 
those of a magnet when they are at right angles, but interfere 
with each other when they are in the same direction ; or that 
the vibrations of electricity can pass between the polarised atoms 
of a magnet, but not across them, owing to the magnetic attraction 
being more powerful than that of cohesion. It may be from one 
or both of these reasons that a magnet is deflected when near an 
electric current. 

But all this is almost gratuitous theory, and must be brought 
to the test of actual experiment. When' any one has, as so very 
few of ns have, time and ability to devote to experimental re- 
searches, it is important to start with some general theory, even 
if it be afterwards proved untrue. On entering a new country, 
any outline map is useful, as giving direction and consistency to 
our efforts at progress, but we shoiud be careful to be guided by 
what we observe rather than by our map, and to be prepared to 
remodel and alter to any required extent by observed facts. 

Theory should be founded on fact ; but facts are more frequently 
discovered in tr3ring to prove theories than by isolated efforts. 
The sreat danger is lest any theory so get possession of the mind, 
that facts telling against it are unconsciously disre^ded or not 
fully credited with all the consequences that follow from their ex- 
istence. It is the work of a student of nature to believe what he 
knows rather than what he thinks, but to take especial care that 
lie does really know what he believes to be the facts of the case. 

Heat affects the volume and temperature of all things to which 
it is communicated : electricity does not alter the volume nor (if 
freely conducted) the temperature. Heat affects the whole mass 
of a body : electricity is diffused over the surface only. This 
limitation is in the nature of electricity, not of the substance elec- 
trified, for if any electrified substance be divided, each portion 
^ be as capable of being electrified over its whole surface as the 
original body. Probably if any substance could be electrified 
^nghout its entire mass, its volume might be affected in. t*\\a 
Bame manner as hy heat Magnetised bodies do allei in \en!^i)lci. 
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If I electrify a body, to however great an extent, the whole ex- 
citement is confined to the surface ; and if it be more than Ihe 
given area of surface can contain, it will fly off through the air 
(which is a bad conductor), rather than penetrate to the interior 
of the electrified body. This is because of the self-repellent 
nature of the excitement conveyed. 

It is this instantaneous passage of the excitement, whatever the 
real nature of it may be, to the surfEu^e of any substance to which 
it may be communicated, and the apparently total freedom of 
everv other portion of the body from even the smallest share of 
it, that has suggested the idea of a fluid having an existence 
entii'ely independent of the body electrified, and capable of pass- 
ing from one substance to another, or of being divided between 
severaL But against this idea there comes up : — 1. the difliculty 
of imagining the actual transfer of even the most subtle fluid at 
the speed at which electrical effects do travel ; 2. the fact that 
no difference in weight is perceptible whatever amount of elec- 
tricity be spread over any substance ; 3. the evident connection 
between heat and electricity ; 4. the fact that heat itself was long 
supposed to be such a fluid, upon very much the same kind ^ 
eviaence, and that this theory has given way before further 
observation. 

A third contrast between heat and electricity is the rapidity and 
completeness with which the one can change its place as compared 
with the other. If I put together two bodies at different tempera- 
tures, they gradually acquire equilibrium ; but if I put together 
an electrified body and an unelectrified, they are both instantane- 
ously electrified — not gradually, with the extra velocity possessed 
by electricity, but at once, and completely. This may, nowever, 
be a consequence of the second difference, that a heated body is 
heated throughout, but an electrified body is excited on the sur- 
face only. 

A fourth, and perhaps the most striking contrast, is, that while 
heat can only be communicated, electricity has an attractive and 
a repelling force. It is this fact that has, more than any other, 
suggested the idea that electricity may be a vibration of a circular 
or corkscrew character, and that the difference between positive 
and negative electricity is the difference between a right-hand and 
a left-hand screw. 

If it be imagined that glass, when rubbed with silk, is thrown 
into a vibratory state in which circular vibrations turn in one 
direction, and that when resin is rubbed with wool the vibrations 
excited turn in contrary directions, we have a state of things that 
may be considered capable of accoimting for the attraction and 
repulsion of positive and negative electricity. But it must be 
borne in mind that the different excitement is not owing to the 
nature of the glass, nor of the resin, but the difference between 
the rubbed and rubbing surfaces. Thus rough glass excited by 
means of oiled silk becomes positively electrified, and the silk 
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negatively ; wliile if I rub the same piece of glass with a piece of 
flaxmel, it becomes negatively electrified, and the flannel positively. 
Bat if I rub a piece of smooth glass with either silk or wool, it is 
positively electrified, and both silk and wool negatively. Again, 
if I rub the smooth glass on the back of a cat, it becomes nega- 
tive, and the cat's back positive, so that the smooth glass, rough 
glass, silk, and flannel, can aU be electrified either positively or 
n^!;atively, and therefore it cannot be that any of these is by 
nature either positive or negative. Precisely the same thing is 
evident in voltaic electricity, where zinc is positive in combina- 
tion with copper, silver, platinum, or carbon, but negative when 
arranged with calcium, lithium, sodium, or potassium. 

But in voltaic electricity, which is excited by chemical action, 
we know that the element which is most readily acted on by the 
liquid in which it is immersed is therefore positively electrified. 
But it is not so clearly evident what is the reason of the differ- 
ence in the case of frictional electricity. It is, however, very pro- 
bable that conductivity for heat has a close connection with the 
development of electricity. Flint-glass is a better conductor of 
heat than flannel, but a worse than silk, and is positively electri- 
fied by silk, but negatively by flannel — i.e,, in this case the worst 
conductor becomes positive, the better conductor negative. 

The facts of thermo-electricity, in which electrical effects are 
developed by joining toother and heating two metals of different 
conductivity for heat, give further support to the idea that just 
as heat is " a mode of motion," so electricity is a mode of heat, or 
rather another " mode of motion." I have discussed this subject 
more completely in the concluding part of the book. 

(8.) Transference of Electrioity. — If I have my machine 
in good working order, I can collect on the prime conductor a 
considerable quantity of electricity. How can I transfer this? 
What laws will govern the transfer ? What will be the result to 
the conductor, and to the body to which the electricity is trans- 
ferred? 

The conductor being fully charged (i.e., having on its surface 
a good amount of electricity), I present to it a piece of metal 
held in the hand. Nearly the whole of the charge passes from 
the conductor, through the piece of metal, through my body, to 
the earth. I say " nearly the whole of the charge," because what 
really takes place is this: The electricity is kept on the con- 
ductor by the surrounding air, just as water is kept in a vessel, 
the air being a non-conductor. But as soon as I bring the piece 
of metal (sav a brass rod) in contact with the conductor, I open 
a path for the electricity, just as I should let water out of a tub 
by boring a hole ; and the conductor, metal, myseK, and the earth, 
all being in electrical connection, form, electrically, one body, 
and the whole amount of electricity is diffused over this compound 
body. The earth being so immensely the largei portion, x^<i«iN«& 
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very nearly the whole, but a proportionate, and therefore very 
small, amount still remains in the conductor. In the oouiBe of 
this " discharge/' as it is called, I receive a *' shock," imless the 
amount be very small — i. e., my body beinjg a sensitive snbfltance, 
I am conscious of the passage of the electricity throu£[h it. 

This is usually said to be felt at the elbows, shoulders, &o. (t.^., 
at the joints of the body), and this is accounted for by the same 
theory that explains the destruction frequently caused when 
buildings are struck by lightning (p. 162). It is said that if the 
bones were all in actual contact, the flash of electricity would 

Eass at once to the earth without giving any shock, but that it 
as to jump from bone to bone at the jomts, and the delay (and 
consequent accumulation) is the cause .of ike jar that is felt 
This assumes that the bones are the conducting substance, and 
not the flesh, or else the electricity would remain on the surface 
and not reach the bones. In this case there would be a shock at 
the entrance to the body, and at the point of leaving, since there 
the flash would have to pass through the flesh to the bones, and 
from the bone through the flesh to the ground. The danger in 
receiving shocks, the ^* start '' that is always felt, and the natoral 
reluctance to experiments on this point, all probably tend veiy 
much to keep the knowledge of it very imperfect 

If, in discharging the conductor of a machine, I hold the brass 
rod in contact with it, while I am charging it, I cany off the 
electricity as fast as it is generated, and receive no shock ; be- 
cause, though I receive the same amount as before, I take it in 
small quantities. The earth, myself, and the conductor, being all 
joined together, the electricity spreads at once over the whole, aikl 
accumulates only in the earth. 

If the conducting substance that I present to the conductor be 
insulated, the electricity, as before, spreads over the whole of the 
surface presented to it, but does not reach the earth. Thus, if I 
present another conductor, carefully insulated, it receives half the 
amount accimiulated on the first conductor, which itseK still retains 
half, because its surface is equal to the second surface, and the whole 
amount present is distributed equally over the whole area pre- 
sented to it If I present a metallic ball (whether solid or nol- 
low matters uot, as it is a question of surface, not mass) it shares 
with the conductor, according to their respective areas of surface ; 
and if to this ball I present a second ball, the same division, 
according to area of surface, takes place. Qenerally, I may say 
that any amount of surface (in whatever number of pieces) will 
have any accessible amount of electricity diffused equally over 
the whole. However slight may be the connection, so that it be of 
conducting material, between any number of surfaces, these may 
be considered as one. 

There is, however, one very striking exception to this rule ; and 

here, more than in most exceptions, ** the excejption really does 

prove the rule" If I bave one ball fully electrified, and I cover 
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it with the segments of a hollow sphere of larger size (it may be 
much larger), and bring the two mto contact, the whole of the 
electricity spreads over the surface of the outer sphere, leaving 
the inner one entirely free from even the least trace. If the 
inner surface of the outer touches the outer surface of the inner, 
the transference is at once made ; but if there be an interval of 
space between, as there will be if one be much larger than the 
other, then I can make the necessary contact by passing a fine 
metu rod or wire through the outer until it touch the inner. 
This wire will be quite sufficient road for the passage of the elec- 
tndty. 

If I reverse this experiment by electrifying the outer ball, and 
placing the smaller, unelectrified, within it, I shall not be able 
to transfer the charge from the outer to the inner, though if I 
take out the smaller ball and put it beside the larger, the whole 
amount of electricity will be at once divided between them. 

Tbdfl illustration shows that electricity will always go to the 
outside of every substance, and that if one electrified body be 
put within another, the whole charge will be collected on the 
surface of the outer. 

This may be shown in another and a pretty manner. " Fara- 
day's butterfly net," as it is called, is a conical net of any 
flexible conductine substance, having a wire-frame round the 
base, and a silk thread at the apex. By this thread it mav be 
reversed, so that either side of the net may be made the inside or 
outside at pleasure, while the silk thread bein^ a non-conductor, 
none of the electricity is lost in turning it inside out, even when 
chai^ged. I charge the outside, and ov testing show that the 
inner side is quite free from any trace oi excitement. By means 
of the silk thread I turn the net so that the outer becomes the 
inner side and the inner side the outer. On testing again, I find 
that every trace of the electricitv has passed to the side which 
was before quite free from it, so tnat the other, which (when the 
outside) had ^, has now (as the inside) none whatever. 

abe shows this conical net supported upon a stick, and having 
a silk thread at c, partly 
inside and partly outside. ^ 

By means of this I can 
give the net the position 
either of ab cot d abd. 
In either case all the elec- 
tricity will be always 
found on the outer sur- 
face, no matter to which 
it may have been commu- 
nicated, or how many 
times it may be chanc;ed. 

So that we may safely, from these facts, infer that electtvdt^ 
will always remam on the surface, will extend o^et >i3aft 's^\tf^<^ ^i 
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any surface or surfaces, bat will not extend from one sni&ee to 
another nnlew there be a connection between them, or, that the 
cham is so great that it can pass through the aii^ whidi it will 
not do nntil the chai^ge be strong: 

I liave said that the electricity on the eondactor is kept there 
by the surrounding air, which forms as real a coTering as a tub 
to water, and that it does not pass through this aerial eoating 
until a road be opened to it by some conducting substanee. 
Living as we do in the midst of air, moving in it without being 
conscious of its presence, seldom having its properties brought to 
our minds, it is difficult for us to realise its actual existence, and 
to remember that it is a realitv, ever present, ever actiye, existing 
not merely for us to breathe, t)Ut as an important thou^ invisi- 
ble constituent of the world, influencing almost eyerything it 
comes in contact with. 

Air is a non-conductor of electricity, but is not unaffected by 
its presence. If I electrify the inside of a Leyden jar, the out^ 
side is affected by the excitement of the inside, and this influence 
is exerted through the glass. The inside coating being positive, 
the outside becomes negative, and the theory is that the particles 
of the glass are polansed — i.e., all arranged in one direction. 
Each particle is supposed to be electrified, one side n^atively 
and the other side positively, so that the two metal coatings and 
the polarised particles of glass are arranged alternately positively 
and negatively, just as the elements of a voltaic pile. 

Exactly the same is the result upon air if it be placed in the 
same position. If I place the metal coatings of a Leyden jar one 
within the other, but without the jar itself, so that the place 
usually filled b^r the glass is filled with air, the particles of this 
air will be polansed in exactly the same maimer as the particles 
of glass. This may also be shown by placing two metal discs, or 
conducting substances in any shape, near to each other, with a 
small interval between them. Tne ordinary phenomena of in- 
duction at once present themselves, the air between the conductors 
being polarised. 

But it can scarcely be imagined that this can take place only 
when the air is in a thin stratum. The force may decrease as the 
stratum of air becomes thicker, but there must be still the force, 
whatever be the amount of air between the two conducting sub- 
stances. So that when we speak of air preventing the escape of 
the electricity from any substance, we must bear in mind that 
the air itself is polarised in the line of contact, and that this 
polarisation probably extends the further the greater the amount 
of electricity present. 

If a Leyden jar be fully charged, and more electricity be forced 
into it, the result is usually that a discharge takes place through 
the glass, which is cracked at the point where the communica- 
tion occurs, and which is generally the weakest or thinnest part of 
tlwjar. Just tlie same occurs when the induction takes place 
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thiotigli air. If I place the knob of a Leyden jar near to the 
conductor of a macnine it is gradually charged by the passage of 
a series of flashes, or sparks, from the one to the other. That is, 
the air between the two is polarised, as is the glass of the jar. 
When the accumulation of electricity has become sufficiently 

Ct, it leaps across the interval of space through the air in the 
I of a spark. 

If, however, I place a pointed rod in the conductor, the 
electricity will pass more quickly to the jar ; or if I place a wire 
ending in a small knob, it will pass* more rapidly than from the 
Uu]ge Knob of the conductor, out not so rapidly as from the 
pointed wire. Generally the larger and more uniformly spherical 
a surface the less readily will 
the electricity leave it, while a 
point prevents any accumula- 
tion, from allowing it to escape 
as rapidly as generated. 

If a conductor be made to 
terminate in a point (as by at- 
taching a wire to it), the elec- 
tricity will pass away, not as a 
spark, but in a continuous glow, 
distinctly visible, but scarcely 
bright enough to be called 
sparks. Tms " glow " will 
radiate from the pomt as from 
a centre. If I put a bundle of 
wires, each extremity will be- 
come the centre of such a radia- 
tion, the electricity passing into 
the air. Fig. 75 shows this. 

If, having such a collection of points, I place any conductor, 
such as the Knob of a Leyden jar, near to one of them, the whole 
of the electricity will pass through that to the jar, the 
others ceasing to glow with any discharge. 

It might be asked, How can the electricity on the 
conductor know which of the wires has the Leyden jar 
near it ? But since this question assumes not only an 
individuality for electricity, but also a conscious exist- 
ence, we had better frame the question, What change 
does the proximity of the Leyden jar make in the con- 
ditions surrounding the conductor that the electrici^ 
shall be able to pass from the conductor to the jar ? It 
is not a sufficient answer to say that the distance is re- 
duced to within the limits that a spark can cross, unless Fig. 70. 
it be also shown how the electricity collected on the 
conductor is to be induced to cross the distance. To draw fish 
from the water it is hot enough to drop a line in\» \\.. "^^ ^otc^a 
means the Ssb must he induced to connect tiiem&eYve^'^VCtv^^ 
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line. So it is not enough to reduce the distance between two 
condnctinj^ bodies (one only of which is chaiged) to leas than 
the electricity will cross, unless it can also be contrived that the 
electricity shall cross it 

Air is said to be a non-conductor, yet if the distance be ehoit 
enough, electricity will cross it in the form of a spark. Therefore 
air is not, absolutely, a non-conductor, but only a bad conductor. 
Also, the greater the intensity of the charge, die greater the di^ 
tance it wiU traverse. Therefore it would seem that the crossing is 
not merely a transfer of place,- but really something that the dee- 
tricity has to do, and that the greater its strength, the more of 
this task it can perform. Lastly, in rarified air, the power of con- 
ducting seems to l>e increased — L «., the electricity can travel a 
greater distance — i. e., can do more of tins required work. There- 
fore it would seem that this work that has to be done is performed 
on the air, and that the less air there is the more work can be 
done, though when there is no air at all, no passage of electricity 
takes place. 

What, then, is the work that electricity performs on the air in 

Sassing through it ? Why does this work produce light ? Why 
oes the presence of a second conductor asfflst the passage ? We 
have seen that electricity passes through glass in the Leyden jar, 
and that sometimes the glass is broken by the passage. It is 
generally found that this fracture occurs at the thinnest part of the 
glass. Is the action of the electricity on the glass the same as its 
action upon the air ? It is usually considered that the atoms of 
the gloss are polarised — i, e., all arranged in the same direction ; 
but what this direction is, and what determines it, are not so well 
understood. Assuming for the moment that there are two dis- 
tinct states of electricity, called negative and positive, it is some- 
times represented that the atoms of the glass are electrified 
negatively on one side and positively on the other, and that they 
are arranged somewhat thus. This regular arrangement is called 
polarisation, and it would seem as if this arrangement were really 
the work that had to be done by the electrici^ in passing — that 
this arrangement is really the passing. For we must carefully 
bear in mind that electricity is not matter, but only a state of 
matter ; that when we say a metal rod is charged with electricity, 
we mean, not that it contains anything in addition to its own 

substance, but that its particles are so arranged, 
or are in such a condition, as to present the phe- 
nomena we usually associate with electricity. 
Just as when we speak of a man being full of 
anger, we do not speak of anger as an entity, but 
as a state or condition of the man's mind. 
Fig 77 ■^^9' ^^ shows the supposed polarisation of the 

molecules of the glass, very much magnified. It 
J3 not inoAJit to assert that they are necessarily circular in shape, 
but only that they are probably vetV\a\Aft T£i».^^\a, 
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Assuming, then, that the atoms of glass in a Leyden jar are 
thus arranged or polarised, may we assume that the same takes 
place with the atoms of air between the conductor of a machine 
and the knob of a Leyden jar when a spark crosses the interval 
between them? Further, may we assume that the disruptive 
discharge through the air corresponds with the occasional fracture 
of a jar 1 Then the passage of a spark through air means nothing 
more than the arrangement or polarisation of the atoms of air, and 
l^e distance through which the spark can travel depends upon the 
power of the electricity to arrange these atoms. Thus, suppose a 
brass rod a foot in length to be charged with electricity, all the 
air round it will be acted upon by this force, which wiU tend to 
electrify it. If I bring another metal substance within, say, six 
inches of it, the intervcd is at once bridged. But is the air un- 
affected until the second metal body be brought near the first ? 
Or does the electrified body act on the air around it so far as it 
has power ? 

Let there be a brass rod in connection with a plate battery, and 
just so much excited that a spark will pass from it to a Leyden 
jar placed within six inches. I take away the jar, but still excite 
the machine by turning it ; what is the effect upon the air around 
the rod ? Clearly the force is sufficient to polarise the air for a 
distance of six inches, because it can pass to the Leyden jar at 
that distance. Is it, therefore, that all the air surrounding the 
rod is polarised to a distance of six inches, but no further ; and 
that when any conducting body comes in contact with this stratum 
of electrified air, it becomes itself electrified by contact 1 This 
would undoubtedly be the case if there were nothing to counter- 
act the force exerted by the electricitjr of the rod ; but it must be 
borne in mind that the particles of air are acted on by those at a 
greater distance, and therefore themselves free from the influence 
of the electricity. This second force tends to disturb the first ; 
and so it follows, probably, that the air round the rod is gradually 
less and less polarised as the distance increases, each atom being 
acted upon by the outer air with more and more force as the 
polarising force decreases. 

If we can ima^e a number of men on a raft, each having a 
rope which he tries to cast ashore, but which being too short is 
tossed to and fro by the water, until one, coming within reach of 
the land, has his rope caught; so we may imagine the force 
collected on the brass rod tiring to pass across the surroimdisg 
atoms of air, and prevented by 9ie distance being too great, until 
at one point a second bar of metal is within reach, and at this 
point tne passage is effected 

It is easy to understand how a rope thrown by a man on a raft 
can be caught by another on land ; but it may not be so easy to 
conceive how tiie proximity of a conducting substance can enable 
a force to pass over an interval of non-conducting matter. T\>t^ 
1^7 raises the queetion, What is the diffeieucQ "beXNT^^CL <:a^tl- 
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ducting and non-conducting bodies ? Bearing in mind tliat the 
conveyance is not of matter, but of motion, it may easily be con- 
ceivea that that which is most capable of motion may be the best 
conductor. Thus it would seem much more easy to transmit f/u>- 
twn through water or air than through a solid ; yet we know tiie 
contrary to be the case when electricity is the motion to be trans- 
mitted. It is much easier to transmit an electric current through 
a brass rod than through a column of air — t.e., it is easier to move 
the particles of a metal than of a gas, in the way that they are 
moved by electricity. 

If, therefore, we consider in what respects the arrangement of 
the constituent atoms of a solid differs from the composition in the 
case of a liquid or a gas, we may, by taking into account how this 
particular arrangement will assist the transfer of a motion through 
the assemblage of atoms, arrive at some suggestion as to the kind 
of force that is so transferred in the case of electricity. 

If a stick, or the thong of a whip, be passed rapidly through the 
air near me, I feel a certain effect that it has on the particles of 
air in contact with my face. The particles moved by the stick in 
its passage move the adjoining particles, these the next, and so on 
until the motion was received by the atoms next my body. In 
this way motion is transferred — ^tnat is, the force that moves one 
atom is carried on, and on, until it has moved others, while no 
particle of air moves more than a very short distance from its first 
place. 

In the same way, if I am bathing, and a stone be thrown in the 
water near me, I feel the motion transferred to the particles of 
water in contact with myself — i, e., motion can be transferred 
through water in the same way as through air. 

Lastly, if I hold by one end a thin bar of iron, while the other 
end is beaten on an anvil, I shall be made sensible, by the vibra- 
tion of the end I hold, that the motion conferred on me particles 
beaten by the hammer is transferred to the remaining particles ; 
so that it would seem that motion can be transferred from particle 
to particle in any medium, solid, liquid, or aerial. 

Now what kind of motion may oe expected to be capable of 
more easy transmission through a solid than through either a 
liquid or aerial medium ? If I desired to move any object at a 
distance, I should employ a solid as a means of doing so ; thus I 
use wire for bell-ringmg, not a column of water, or a pipe of air ; 
not because these latter would be absolutely useless, but because 
the solid conveys the impulse I give to one end of it so much 
better. But this is not the kind of force that we call electricity. 
This latter is not a mere bodily transfer of a solid as a whole, but 
rather a motion amongst the particles composing the solid, the 
whole body still remaining within its original linuts. 

The wire serves for bell-ringing purposes best, because its atoms 

are in closer contact than is the case with a liquid or a gas. This 

enables any one atom to act Mpon Vk^ ii&x\. \x^ vt «.t once, and 
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with its ftill force. If I place ten men side by side, and barely 
tonching each other, any impulse given to the first will not be 
much felt by the second, still less by the third, and least of 
all by the last. But if the men stand quite close to each other, 
the force will be much more completely transmitted. Lastly, if 
they are crowded closely together, with arms around one another, 
any pressure put upon one will be felt almost equally by all. 

In just the same way the atoms of a solid are closely crowded 
together, and any force communicated to one is transmitted with 
but little diminution throughout. But the force which we call 
electricity is evidently not one of mere transposition, for the rea- 
sons just given. Also it is not one of mere vibration, for then it 
would not differ from the force we call heat It differs from this 
force, heat, in its attractive force upon small magnetised needles. 
It may therefore itself be called a kind of magnetism : and just 
as a n^et is sapposed to become a magnet V having its paiw 
tides arranged, or polarised, may we suppose that the passage 
of an electric current is really the arrangement or polarisation of 
the successive atoms of the substance through which it passes. 

It is easy to conceive that such a force will pass much more 
readihr from atoms of a solid than of a liquid or of a gas, and that 
thereK)re solids will, as a rule, be better conductors of electricity 
than either liquids or gases — t.^., the power of conducting elec- 
tricity really means the capacity for bemg easily polarised. So 
that a substance, of which the atoms have a certain amount of 
freedom of movement amount themselves, is a conducting sub- 
stance ; while another, in which the atoms are more rigidly fixed, 
is a non-conductor, or at best a bad conductor. 

It would seem, therefore, that to constitute a good conductor of 
electricity, both cohesion and independence of the atoms are neces- 
sary; cohesion, to ^ve the greatest transfer of force — indepen- 
dence to enable this force to act with the ^eatest advantage. 
These qualities are, to a certain extent, antagonistic, and those sub- 
stances are the best conductors where the two opposing forces are 
so tempered that any given impulse produces the greatest result 
in the way of such polarisation as we suppose electricity to be. 

We may now try to answer the question we found it necessary 
to ask just now (p. 149), — How can the proximity of a second 
good conductor enable a current of electricity to pass from a good 
conductor across an interval of badly - conducting substance ? 
Evidently by removing the disturbance that prevents the polari- 
sation of the atoms of the bad conductor. Thus, in the case in 
point, the presence of a Leyden jar near the conductor of a plate 
machine, enables a spark to cross the intervening space of air, 
which is a bad conductor. The same force is exerted on the air 
whether the Leyden jar be there or no ; but in one case the air 
beyond the influence of the current disturbs the air within this 
influence, and undoes the work as rapidly as it is petfoimfid^^VvSX.^ 
the jar not onljr does not disturb the force exeAe^ on Wi^ VoXx^- 
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yeninj^ air, but by being itseK easily polarised, it offers a ready 
road lor its continued passage. It would be of little use for a 
shipwrecked sailor to be able to swim to shore, if the shore, when 
reached, were so precipitous and bare as to afford no foothold. 

But why does the passage take the form of a spark ? The pas- 
sage of the current means no more than the polarisation of tiie 
consecutive atoms of the air: why should this rearrangement 
emit light ? We have just seen that electricity differs from heat 
in that heat is probably only vibration, while electricity is also 
arrangement; one, therefore, implies more motion than lie other, 
and probably when the arrangement of electricity is difficult, the 
force takes the form of heat. That this is so, we infer from many 
facts. Silver is a much better conductor of electricity than plat- 
inum, and if I send a current of electricity through a chain of 
which the links are alternately silver and platinum, the links of 
the worse-conducting metal will become heated much more than 
the silver links ; tnat is, the force will arrange the atoms of 
silver with but little difficulty, while it will be much more resisted 
in the case of the platinum atoms. This resisted force will be- 
come heat, and even light, for the platinum links will become 
vividly visible by reason of the great heat to which they are sub- 
jected. 

It is therefore tolerably clear that electricity can become heat, 
and that heat can become light; and also, therefore, that elec- 
tricity, passing through heat, becomes light, if resisted with suffi- 
cient force. It is also clear that this resistance is met with in the 
case of bad conductors, and especially so in the case of what are 
called non-conductors. This is really only a truism : it is only 
saying that there is most resistance where there is most difficulty 
of arrangement. But we see clearly that resistance converts elec- 
tricity into heat, and heat into light, and that this is why elec- 
tricity passes across bad conductors in the form of, or raUier accom- 
panied with, a spark. 

(9.) Velocity of Electricity. — ^The passage of an electric 
spark is instantaneous. Speaking literally, it occupies no time 
to pass from one point to another. By actual experiment it has 
been shown that the velocity of an electric spark is 280,000 miles 
per second — i, e,, ten times the circumference of our globe. This 
IS the normal speed along an almost perfectly-conducting sub- 
stance. If the conduction be not perfect, the passage of the 
electricity is retarded and heat developed. 

Thus, if I pass a current of frictional electricity along an iron 
chain, the conduction will not be so perfect as in the case of iron 
wire, and not only heat but light will be developed. Wherever 
there is the least interruption to the passage oi the current it 
will jump across in the form of a spark. 

We have seen how the velocity of light was ascertained by 
means of observations made upon tYie isiQQivv& of Jupiter, and that 
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the speed is so enoimous that no ordinary mode of measure- 
ment seemed available. Bat electricity travels with even greater 
rapidity. How shall tiiat be measured ? Sir Charles Wheatstone 
answered this question by a most elegant experiment, and one so 
simple that, instead of requiring the universe for its measuring- 
fiTound, it can be performed in an ordinary-sized room. A Ley- 
den jar, a mile of copper wire, a small mirror, with apparatus to 
set it in very rapid revolution, and six small metallic knobs, make 
up the necessary apparatus for measuring a velocity that outstrips 
even that of l^ht^that^ if uninterrupted and unretarded, can 
encircle the world ten times in a second. 
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A B £ F DO 

A is connected with a Leyden jar ; so also is C. There is a con- 
tinuous wire from the jar through A, B, E, F, D, C, back again to 
the jar, excepting the three very short intervals between A and B, 
E and F, D and C. Between the jar and A, and between the 
jar and C, the distance is very short ; between B and E, F and D, 
the current has to pass through a considerable length of wire, say 
a Quarter of a mile between each. 

The passage of the current is shown by a spark at each of the 
three breaks, A, E, and D ; and the value of the experiment 
depends upon the measurement of the intervals between these 
sparks, just as I mi^ht estimate the speed of a railway train bv 
measuring the time it required to pass from station to station. It 
is evident that in passing from B to E the current travels a Quar- 
ter of a mile, and the same from F to D. If the spark at E F be 
any time after the spark at A B, that time is what is re(]^uired to 
pass through a quarter of a mile of wire. The difficulty is to ren- 
der so short an interval of time appreciable. This is done by 
means of a mirror which is made to revolve very rapidly — some 
hundreds of times per second. The sparks, as they occur, are re- 
flected in the mirror, and the reflection can be sent to a screen, or 
to a second mirror. Three bright lines | | | would be given 
if the three sparks were absolutely identical ; but if between each 
spark the mirror had time to make a partial revolution, then the 



lines might be expected to be thus I Such a variation from the 

I 

straight line would mark a very small interval of time. Let the 
mirror revolve 400 times per second, an interval of i^v of a 
second would correspond with -^ of a revolution. The effect 
of this mav be realised by holding an ordinary looking - glass 
near a candle, so that the reflected light is made to fall on a 
second mirror. Now, move the first mirror through a small angle, 
say 30° (less than ^ of a revolution), and notice the altered posi- 
tion of the light in the second mirror. 

Sir C. WlSatatone performed this expexim^nl, oxA 1q>\xsA *Cdl^ 
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three sparks to be reflected, not | | | as they would be if they 
occurred absolutely at the same time, nor yet | as they mig^ be 

expected to be if they occurred in succession, but * • ^ denoting 

apparently that the two sparks at the end occurred simultaneously, 
and the middle one somewhat later. From this Sir C. Wheat- 
stone inferred the velocity to be 288,000 miles per second, esti- 
mating the time that the middle s|>ark occurred after the end 
ones as the time required for electricity to travel through a quar- 
ter of a mile of wire. The calculation is somewhat thus : The 
mirror was revolving 800 times per second. If the sparks had 
been at an interval of one revolution the velocity would have 
been f §9 of a second for ^ a of mile = 200 miles per second. But 
the interval between the two sparks was only y^^ of a complete 
revolution ; and therefore the velocity is 200 X 1440 miles per 
second. 

It is most probable that electricity itself occupies literally no time 
whatever if we could use an absolutely perfect conducting medium, 
and that the velocity is rather the time required to overcome the 
resistance of the particles of the medium than the time required 
for the current itself to be propagated. But this ** overcoming the 
resistance of the particles of the medium" is really the electric 
current, and the velocity of electricity is not, therefore, an abso- 
lute velocity, but varies with the medium. No medium is abso- 
lutely without resistance ; and lust as we say the velocity of 
Lij,'lit, Sound, or Heat varies with the medium whose vibration 
is the light, sound, or heat, so the velocity of electricity varies 
with the medium whose molecular arrangement is electricity. 
The velocity, 288,000 miles per second, means no more than that 
cojmer wire of the kind used for the experiment can be pNolarised 
at that rate. It is no more truly the velocity of electricity than 
is the rate at which it travels through any other medium. 

(10.) Indaotion. — If I hold an excited glass rod or stick of 
wax near the electroscope, the gold-leaves recede from each other, 
and come to rest again as I wimdraw the glass or wax. This is 
the result of attraction through space ; for no passage of electri- 
city takes place from the rod to the leaves. The presence of an 
excit(Hl substance is sufficient to disturb the leaves, and its with- 
drawal allows them to return to their normal state of rest. 

But if, while the excited rod is keeping the electroscope in a 
disturbiHl condition, I touch the cap of it, a result follows that is 
instructive if carefully examined. After I have touched the cap, 
the loaves of the electroscope do not diverge under the influence 
of the excited roil, but do so the instant I remove it ; so that I 
sooin to liave introduced something, by my mere touch, that re- 
I'enes the previous conditions. lieX \x& ^citifiidst ^hat this is. 
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When I bring the excited rod near the cap of the electroscope, 
the leaves diverge. From this I might infer that they were both 
charged with similar electricity — i.e., both positive, or both nega- 
tive. Assuming the truth of the single-fluid theory, this is evi- 
dently what I might expect ; for a glass rod, being positive when 
excited (i.e., having more than its normal quantity), would drive 
some of the electricity from the cap to the leaves ; so that the cap 
would have less and the leaves more — i,e,, the cap would be ne- 
gative and the leaves positive. This would be induced by the 
power of the rod to approximate, as far as possible, the electrical 
state of bodies within its reach to an equilibrium with its own. 
Thus the rod having more and the cap less, the two together are 
in equilibrium, whue the quantity driven from the cap goes to 
the leaves, and would escape altogether, but that the air round 
the leaves, being a non-conducting substance, prevents it. So 
long as I keep the rod near the cap, this state continues, and the 
leaves remain diverged ; but if I touch the cap with my finger, I 
introduce a new source of electricity, and the leaves at once come 
together ; they being, through my nnger, in communication with 
the earth, eqiulibrium ia at once restored. 

When I take my finder away, the leaves remain at rest, because 
the presence of the excited glass rod stands in the place of so much 
electricity in the cap of the electroscope, and the leaves remain in 
possession of the amount they obtained through the contact of the 
nn^r ; but if I remove the rod, the cap and leaves become again, 
as It were, one electrical whole, and the total amount of electricity 
is equally diffused over the whole body — that is, the leaves part 
with some to the cap, and thus remain negatively charged, the 
result of which is an immediate divergence. 

It may be useful to recapitulate the facts of the experiment, 
which illustrates so well the very important quality of " induo- 
tion,** which is the term used to express this temporary change 
in the electrical condition of a body m a normal electrical state 
when subjected to the influence of any substance in a state of elec- 
trical excitement. 

1. The cap and leaves being in connection with each other 
by means of a brass rod, must be considered as one body for pur- 
poses of electricity, and this is in its normal electrical state. Fig. 

/o. 

2. I hold near the cap an excited glass rod, and some of the 
electridtv is driven from the cap to the leaves, which immediately 
diverge, by reason of the positive charge thus forced into them. 
K I remove the rod, the cap and leaves resume their normal 
condition. Fig. 79. 

3. I touch Qie cap with my finger. The result is that the 
surplus electricity ol the leaves passes away to the earth through 
my body, and the leaves come to rest. The condition of the cap 
remains unchanged, since the positive electricity of the ^usa tod 
really stands in the stead of so much in tihe C8L\>,^\£ifiXi*'^^'^^ 
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negatively charged, while the leaves are in their normal state. 
Fig. 80. Removing my finger, I leave the cap and leaves in this 
condition. 




Pig. 78. 




A 



Fig. 81. 



Pig. 79. 



Fig. 80. 



4. I remove the rod. The cap, no longer nnder the influence 
of its presence, urithdraws some of the electricity from the leaves 
to restore the equilibrium between them and itself, and they, 
being thus negatively charged, diverge. The rod held near 
neither communicated nor received anything to or from the cap, 
and the electroscope is thus charged with as much less as it gave 
off through my finger. Fig. 81. 

5. By touching the cap again, or placing it in connection with 
any conducting substance^ I restore just this amount^ and the elec- 
troscope is once more in its normal condition. 

If, instead of a glass rod, I bring near the electroscope a stick 
of wax, shellac, or other resinous substance, the results will in all 
cases correspond with those just described, but the electrical con- 
ditions will be reversed throughout. Thus — 

1. The cap and leaves are normally at rest as before. 

2. An excited stick of wax draws some of the electricity from 
the leaves to the cap, and the leaves diverge, from being negatively 
charged. 

3. By touching the cap I cause sufficient electricitv to enter 
to briuff the leaves to res^ the cap continuing positively charged 
under tne influence of the wax. 

4. The rod being removed, the surplus electricity held im- 

Erisoned in the cap flows partly over the leaves, and they diverge, 
:om being positively charged. 

6. By touching the cap I draw off the surplus electricity, and 
the electroscope is again in its normal state. 

The two results may be summed up by saying that by means 
of an excited glass rod I can draw off electricity &om the electro- 
scope ; and by means of an excited stick of wax I can force elec- 
tricitv into it ; and in neither case will there be any evidence of 
the change until the glass or wax be removed. 
J^t being very important, to a t\^\. cwra^xfthension of Induction, 
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Bts be understood, I give the two seta iu parallel 



nila^ jF^aiiroi ntar an Z hold an excited liictqfxax mar an 

, eUctroscope- 

Sb diverge frnm being over- The leaves diverge from being nnder- 

3, electricity being driven charged, flleetricity being drawn 

■the cap. to the cap, 

■ '*■ I tovch du cap. 

• passea tern the The undercharge in compeniated by 

^ come to rest. electricity drawn in. 

n jirit myfinijir and then tki I remow firit my finger and Hm th» 

-jeieareaalvei^erroinbeingnnder- The leaves diverge from being over- 

cliarged, electricity being drawn charged, electricity being diiven 

fiiiai ibem to the cap. from the cap 'to them. 

I touch tAt cap again. I touch tht cap again. 

Electricity passes in, and the leaves Electricity passes out, and th« leaves 



charge 



If I remove the rod while mj finger is on the cap, electricity 
pfuses in or out, as the ca^e may be, and the leaves are restored 
to their normal state at once. 

If I connect the knob of one of a battery of Leyden jura, all the 
others being in contact with that are similarly chaiged b^ con- 
dnction, but they may be charged in the same manner by induc- 
tion. Thus, if instead of connecting the jars by joining all the 
kikoba — i.e., all the interior coatings — I connect the outside of each 
wi^ the inside of the next, I charge the whole battery more 
rapidly, and with less labour than before. 

For example, to charge a battery of six jars. The interior 
coatdngs being connected, and the outer ones in connection with 
the ground, I have practically ajar of large size, having an area 
of six times the area of one of the small ones. This consequently 
requires the commnnication of six times the amount of electricity 
that wonid charge one of these small ones. Suppose 60 turns to 
chaige one, then 300 toms will chaise the whole six, as much 
electricity being driven off to the earth, from the exterior of each 
jar as is communicated to its interior from the conductor. 

But if I arrange them in alternate communication, and insulate 
them from the earth, then the electricity communicated to the 
interior of the first jar drives an equal amount from its exterior, 
but this cannot go to the earth, because of the insuktion. It is 
conducted to the second jar, and the electricity driven from the 
oatdde of this is communicated to the inside of the third jar, and 
BO on, until the whole battery is charged by the same number of 
turns that ia required to charge one jar, with an addition suffi- 
cient to compensate for the loss by radiation during the passage 
&om jar to jar. 

Why then take the trouble to charge a battery by the lon^-s 
method! Becaote the difference in labour \& \ea&vaKa.*Ct>B^^'Kr 
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Fig. 82. 




quired to arrange the jars so as to insulate them, and to arrange 
for the discharge of the whole battery. 
Fig. 82 shows this method (called the method of cascade) by 

which the charge given to one jar charges 
a whole battenr. A, B, C, are three Ley- 
den jars stan(mig on a glass tray, M M. 
The mner side of A is excited by D, the 
conductor of a machine, and the outer side 
is also excited by induction from the inner. 
By means of the wire a (connecting the 
inner coating of B with the outer coating of A) the inner side of 
B is charged by conduction, and the outer by induction. In the 

same way C is charged. All the insides are 
positive if D be positive, and the outsides ne- 
gative. The outside of the last jar must be con- 
nected with the ground. M M must be a good 
insulator, and it is perhaps better if each jar 
stand upon a separate insulator. 

We have now to answer the question. What is 
it that causes an excited glass rod to influence 
other bodies without communicating anything to 
them ? If I connect the rod and the orass cap 
of an electroscope by a wire, both are positive or 
negative, as the case may be ; if the air only be 
between them, one is positive, the other negative. When the in- 
fluence passes through a good conductor, it is called conduction : 

when it passes through a very bad conductor it is 
called induction. The question, therefore, be- 
comes — ^What is the state of a very badly con- 
ducting body when an excited body is hela near 
it ? llie answer is given graphically in lig. 84, 
where the molecules are shown to be poliuised 
— i. e., each becomes really a magnet. All these 
magnets are arranged with their north poles in 
the same direction when any excited body is brought near. Let 
us suppose a given number of molecules of air between a glass 
rod ana the cap of an electroscope. The glass is -f-, the first 
molecule has its — pole turned towards the glass, and so has each 
succeeding molecule, so that the last molecule, the one nearest 
the cap, has turned towards the cap its -f pole. This molecule 
of air is as truly a magnet as any other, however large, and the 
molecules of the cap are acted upon by the air magnets in contact 
with it Their -f poles being turned towards the cap, this is 
consequently negative. 

The moment 1 take the excited rod away the polarisation is 
broken up by the interference of the surrounding air, and the 
influence upon the brass cap at once ceases. Induction might be 
roughly denned as conduction by means of an imstable con- 
ductor. 
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(11.) Idghtnlng. — ^This development of heat and light from 
electricity is very perceptible in the case of lightning, which must 
be consiaered as a veiy long electric spark passing from the clouds 
to the earth. For this to occur the cloud and the earth muBt be 
in somewhat the same relation as the Leyden jar and the con- 
ductor of a machine. Between the earth and the cloud is a large 
mass of air, through which the electric current passes (as between 
the machine and the jar) in the form of a spark. 

Just as we can enable the current to pass to the jar without any 
appearance of light, and without any other sign of its presence, 
so we can do much to prevent the verv great damage done to 
huildincs when they are " struck by lightning." If we connect 
the conductor and the jar by a fine wire, the whole force is trans- 
mitted by this road, and none by the air. If in the same way we 
connect a cloud and the earth by a thick metal rod, there will be 
no lightning — 1.6., no spark. 

But we cannot poke long rods up to the clouds every time a 
thunder-cloud appears. In addition to the impossibility of reach- 
ing the clouds there is the danger of even being near, much less 
of nandling, any substances that offer a ready passage to the elec- 
tric force. What, then, can be done to dimmish the danger of 
injury by lightning ? We have seen, in the case of the conductor 
and Leyden jar, that any conducting substance interposed between 
them serves as a road from one to tne other. So any conducting 
substance interposed between a thunder-cloud and the earth may 
be made such a connecting road, by the passage through it of the 
electric force. A man's body is a moderately good conductor, and 
therefore is in danger. Trees are not such good conductors, but 
are higher ; so that it would seem that to stand beside a tree 
would oe a precaution, since the tree, beins higher, would be first 
reached, ana would conduct the force to the ground. The tree, 
being higher, is in more danger of being reached, but the force 
in passing down the tree mi^t pass from the lower part of the 
tree to the man's body, and pass through that to the earth, pre- 
ferring the human pathway as the better conductor of the two 
bodies. So that, so far from a tree being a protection, it is a 
danger. 

Some trees, such as firs, which contain much resin, are worse 
conductors than others, such as the elm, and therefore less 
dangerous. 

When a man is " struck by lightning," the body is traversed by 
the electric force, and the result is usually instantaneous death. 
Professor TyndaU, who once received, unintentionally, the dis- 
charge of a very powerful Leyden battery, describes the result as 
having been the most utter unconsciousness of everything for 
a few seconds. The fact that he felt no pain whatever, he con- 
siders to justify the inference that the still more severe shocks 
that cause death produce no suffering, because of this com^letA 
unconsciousness. 
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When a tree is struck in this way, the usual consequence is its 
bein^ torn to pieces. A mast of a ship, weighing some ei^ht 
hundredweight, was thus shattered into small pieces, with which 
the water was covered. So, frequently, chimneys, church-steeples, 
towers, and other lofty buildings, are destroyed by the passage 
through them of the electric force, being shattered by the effects 
of this passage. Such buildings are generally more liable to be 
struck because of their greater height, which brings them nearer 
to the cloud. 

The means usually employed to protect such building is to 
arrange a continuous metal oand, or stout wire, that shaU reach 
from above the highest point of the building to the ground, and 
thus offer to the electnc force an uninterrupted passage. It is 
estimated that a copper rod, of less than an inch in thic£iess, wUl 
carry off the strongest flash of lightning in safety. Such rods are 
often attached to all the pinnacles of a building, and connected 
with one common conductor to the earth. For instance, lead 
gutters or iron water-pipes will serve as conductors as efficiently as 
rods specially set up, provided they be in continuous connection 
and reach to the earth. 

But it must be borne in mind that it is not the passage of the 
electric force, as stich, that does the damage, but the development 
of heat owing to its being resisted. Down the metal rod it passes 
in safety, giving no sign of its presence ; but its passage through 
a brick wall is usually marked oy destruction. This is probaWy 
owing to the resistance of the non-conducting materials, such as 
bric^, mortar, stones, &c. The great heat developed by the 
resistance to the electric force converts whatever moisture there 
is into steam, and this is done suddenly, and with a force much 
greater than would be expected, when it is not considered what 

rat expansion takes place when water is changed to steam, 
is the force of this expansion, and not the passage of the 
electric force that causes the destruction of trees, towers, steeples, 
&c. 

If the metal conductor be not thick enough to carry off all the 
electric force, it will be heated by the conversion of part of it into 
heat. This is sometimes so great that the metal is melted or 
fused, and frequently oxidised. There are on record many in- 
stances of bell-wires being entirely dissipated, leaving nothing 
but a mark on the wall, and even lightning-conductors have been 
consumed entirely by charges of electricity too great for them to 
carry off. 

The electricity of the atmosphere is usually, if not indeed 
always, positive as regards the earth, and is also more intense the 
higher we ascend. Tnis last has been proved by means of an iron 
arrow having fastened to it one end of a coil of wire, the other 
end of which was fastened to an electroscope. This arrow was 
shot vertically upwards, and it was found that the electroscope 
showed an increased amount oi el^ctticit.^ to be acting on it 
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die aiTow ascended. Assumiiig the air to be more and more 
electrified as the distance from the surface of the earth increases, 
we should expect that the arrow as it passed upwards would trans- 
mit» throngh the wire, to the electroscope, indications of the in- 
creasing intensity. And this is what it does ; for the leaves of the 
electroscope diverge more and more as the arrow ascends. But 
if the arrow be shot horizontally — 1.6., along the surface of the 
earth — no such indication of electric force is given, for in this 
case the arrow moves along in air of the same electrical tension 
throughout 

Electrical sharks pass sometimes from cloud to cloud across the 
intervening air. In such cases no electric force reaches the 
earth. But when a discharge takes place from a cloud to the 
earth, across the air between, a spark, which we call a flash of 
lightning, passes from the cloud to the earth, showing that the 
resistance of the air has developed from the electric force a large 
amount of heat and light. In such cases the discharge reaches 
the earth, taking in its road any conducting substances that are 
near, and even turning aside to reach them (p. 161). If there 
be in the way any high building, such as a church-steeple, it will 
probably become the pathway oi the electric force, and whatever 
portions of the building be of metal will ofifer an easy means of 
passage. If there be a continuous metal communication from the 
point where the lightning enters to the ground, most likely no 
harm will be done ; but where the pieces of metal are separate, 
as in the case of bars, cramps, bells, &c, the passage from one to 
the next, will be by means of worse conductors, and will pro- 
bably leave its record in more or less destructive results. 

It need scarcely be said that a lightning-conductor ofifers no 
attraction to the lightning (as was at one time supposed), but 
only offers to it a harmless passage if it come in contact with it. 
It is quite possible for a house having a conductor to be injured 
by lightning, since the flash may reach it at some other point ; 
but experience has shown that the use of conductors has very 
greatly decreased the amount of damage. 

Betumshock, — It was shown by Dr Franklin that there is^ 
really no difference between lightmng and frictional electricity. 
We nave seen that l^htnins can be transformed into heat and 
light. Can it produce any other phenomena of electricity — such, 
for instance, as induction ? It is oelieved that the peculiar sen- 
sation by which we are aware of the approach of a thunderstorm 
is really a case of induction — that our bodies are more or less 
electrified by induction. After the storm has passed we no longer 
have this sensation, because the clouds and the earth having be- 
come both neutral, the body, freed from influence, reverts to its 
neutral condition. 

It sometimes happens that this reversion to the normal state 
is so sudden that tne shock is fataL In such ca&ei&, \]b& ^^t:«^tl^ 
or animals are said to be killed, not by \\^\i^%) \>^>^> Vs "^^^ 
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retumrshock. The name testifies to the idea that lightning dis- 
charges were followed by a kind of rebound or return-stroke. 

(12.) Meaaurement of Electricity. — ^Any machinery for giv- 
ing evidence of the presence of electricity is csdled an electroscope; 
but if, in addition to this, it also measures the amount or power 
of the excitement, it then becomes an electrometer. 

Electroscopes, — The attraction and repulsion of electricity fur- 
nishes a ready means of providing an electroscope. Two^ith- 
balls suspended together repel each other, and so diverge, when 
any excited substance is brought near them. So do two pieces of 
gold-leaf, even more readily, because they have not the weight of 
the pith-balls to overcome. Henley's electroscope consists of a 
pith-oall suspended beside a vertical steuL This stem, placed at 
the extremity of the prime conductor of a fdctional machine, gives 
evidence of the presence of electricity by the repulsion of the ball 
from the stem. The ball, in its motion from the stem, describes 
an arc of a circle, of which the point of suspension is the centre, 
and a graduated scale being placed beside it, makes the electro- 
scope an electrometer as well, though a very imperfect one. 
Fig. 85 shows Henley's electroscope as when slightly diverged 

by the presence of electricity. Its weak- 

m ness is in the fact that a very small 

amount of excitement tasks the extremity 

J* 'L^ of its power, and also that gravitation in- 

' , ^ terferes very much with its action. 

A The gold-leaf electroscojje,, Fig. 86, is 

' ^ very sensitive, but too sensitive to be venr 

useful as a means of measurement. It 

need not terminate in a flat plate at the 

Itop. A knob resembling that of a Leyden 
jar is equally useful ; but the plate has 
I I the advantage of enabling the electroscope 

Fig. 85. Fig. 8«. to be used also as a condenser. 

Electrometers. — The mere attraction and 
repulsion of excited substances are not regular enough, and are 
loo much afifected by circumstances of the most trifling character, 
to allow of their being made use of as giving satisfactory evi- 
dence as to the amount of electricity present. More elaborate 
and delicate contrivances ^ve a power of estimating this in a 
very accurate manner. The means of measurement is not so 
directly the amount of repulsion, but of force necessary to over- 
come that repulsion. Thus, in one electrometer, two pith-balls 
similarly electrified are kept together, despite their mutual repul- 
sion, by means of a fine thread connected to a screw. The num- 
ber of turns of this screw necessary to overcome the repulsion 
of the electricity gives a delicate and accurate measure of the 
amount present. 
Another method is to eleclinfy, aa "beioxft^Vwo '^ith-balls (en- 
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closed in a glass case, to prevent cuirents of air, dust, &c.), and 
to place just below them a ^ 

graduated scale, so that the 
exact amount of repulsion 
can be noted and measured. 

A detailed account of va- 
rious electrometers will be 
found in the chapter on 
"Apparatus.'* 

Kg. 87 shows the torsion 
electrometer, in which the 
amoimt of electric force is 
shown by the torsion neces- 
sary to keep b and e together, 
when these two pith-lmls are 
both electrified oy means of ^ tf- 

the force to be measured. Fig. 
88 is Peltier's eUctrometeVy 
which shows the amount of ^* ^• 

force present by the amount of repulsion of the movable wire 
mmhy the fixed rod d d, when both are charged. 

(13.) Apparatus reqtdredto illustrate the nature of 
Frictionaly Frankllnio, or Static Eleotrioity. — ^AU the ap- 
paratus should be dry and warm. 

A stout stick of sealing-wax, resin, or shellac. 

A rod of glass, either solid or hollow, 

A piece of silk, 

A piece of flannel or woollen doth. 

Two or three small sticks of sealinq-wax, 

A smaU piece of paper, say an inch square, with a sealing-wax 
handle. This serves to carry eUctndty from one body to 
another, 

A few pith-balls, suitable because of their lightness, 

A few coils of fine mre, either silver, brass, or copper. 

Some pieces of linen arid silk threads and twine. 
With the above, all of which may be purchased for some five or 
six shillings, many instructive experiments may be shown. The 
sealing-wax or the glass, on being rubbed by the silk or the 
flannel, ivill develop electric force. The small sticks of sealing- 
wax may be suspended in little paper stirrups by means of 
threads. They will then be free to move without friction, and 
may be made to approach or retire when an excited rod of shellac 
or glass is held near. Since positive electricity repels positive 
and attracts negative, and vice versd, the attraction or repulsion of 
the sealing-wax may be used as an index of the kind of electricity 
in any excited body brought near it. In this way a suspended 
stick of wax becomes a simple kind of electro&(^o^%. 

The pith-baUa, and also small pieces oi ■9a^«i,\i\.\» ^i >2asRa^^ 
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feathers, &c., are useful to show the attractive force of electricity, 
since their lightness prevents this force being overcome by gra^- 
tation. The wire and threads serve for conduction and suspension. 
For more systematic experiments, we want more expensive and 
complicated apparatus. 
A plate machine^ either of glass or vulcanite, 
A Leyden battery , of about siicjars in a case. 
An electroscope, two leaves of gold-leaf enclosed in a glass case. 
An electrometer: (1) Herders quadrant electrometer ; (2) 
CouLomh^s torsion electrometer ; (3) Feltier's magnetic electro- 
meter. 
An electrophorusy avlcUe of vulcanite with a metal cover. 
An insulating stand y a wooden stand vdth a glass support. 
A universal discharger , and a discharging rod. 
Such a set of apparatus as here enumerated would cost from 
£10 to £2bj or more, according to the size and quality. 

(14.) Plate Electrical Machine. — The most convenient 
method of obtaining the results of factional electricity is by 
means of a circular plate of glass, mounted on a spindle ; and 
which, by being passed briskly between two pairs of horse-hair 
rubbers, nas a continuous supply of electricity developed on its 
surface. In principle, this machine differs in no respect from the 
glass tube and silk rubber by which, in the simplest method, vit- 
reous electricity may be obtained. Being larger, it requires to be 
supported in a frame. For convenience and regularity of friction, 
the rubbers also are mounted ; and lastly, the movement, instead 
of being that of a rubber over the glass, is that of the glass be- 
tween the rubbers. The mounting of the glass gives (in addition 
to the increase of power, convemence, and reg^arity) also the 
advantage of the better development of the resinous electricity, 
which can be obtained from the rubbers just as vitreous electri- 
city can be from the surface of the plate. 

Fig. 89 gives a diagram of a plate machine. A circular plate 
of smooth glass. A, is turned on its own axis by means of a 
handle. Two pairs of rubbers, C D, are fixed, one on either 
side, so that they press closely to the glass. The friction de- 
velops electricity on each part of the glass as it passes between 
the rubbers, and this electricity is taken from the plate by 
the conductor E (a tube of brass), which presents to the surface 
of the glass small points, r r, which, as it were, clean the 
glass as it passes themj so that all the electricity developed by 
the rubbers C is taken away by the points r, leaving the glass 
surface free to develop another supply, by passing between the 
rubbers D, for the points r. In their passage from G to E and 
from D to E, the electrified portions of the glass are covered by 
oilskin to prevent the escape of the electricity, which requires 
a slight interval of time after passing the rubbers for the full de- 
velopment of the force. 
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There being no edges or points at which it can escape, the elec- 
tricity passes along tne arms of the conductor E, and is collected 




Fig. 89. 

on the knob H, which is the most convenient part from which 
to obtain it for any reqnired purpose. The arm, I, by which 
the conductor is mounted, is of glass, so that the conductor is in- 
sulated, and the electricity can only escape by some other con- 
ductor being presented to it, or by slow dissipation in the sur- 
rounding air. S is a kind of niche in which the arm I fits at s. 
The revolutions of the glass plate are effected by means of 
a handle, and the centre of the plate serves as a means of insu- 
lating this handle, since the electricity is only developed on the 
part of the glass subjected to friction. 

The electricity developed on the glass and carried away by the 
conductor is, of course, vitreous or positive ; but an equal quantity 
of resinous or negative electricity is developed on the surfaces of 
the rubbers, and can be collected by attachmg a conductor to the 
rubbers. Li ordinary working it passes away along the frame- 
work * *' - . . 1 . • -• l--x_.-«^_ 
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conyenient arrangement by which glass can be subjected to fric- 
tion, and the developed electricity collected. The principle is 
essentially the same as when an ordinary class held in one hand 
is rubbed by a silk handkerchief held in the other. 

In describing experiments and illustrations it will be sufficient 
to speak of the knoo, H, of the conductor. It must be understood 
that in such cases it is implied that a plate machine ^uch as here 
described) is in working order, and that the knob, H, is charged 
with vitreous or positive electricity therefrom. 

I spoke just now of the points of the conductor cleaning the 
electricity off the surface of the plate of glass as rapidly as it was 
developed by friction, but another theory describes the operation 
in another manner. According to this, the positive elecmcity of 
the glass decomposes the electricity of the conductor, and dntws 
from the conductor to the glass the negative electricity of the con- 
ductor, leaving it charged only with its own positive electricity. 
Thus (if P and N express respectively positive and negative elec- 
tricity), when I begin to turn the handle, the glass and conductor 
are both in electrical equilibrium — i.e,, each has P and N in equal 
quantities. By friction I decompose the electricity of the glass, 
jN escapes to the earth by means of the framework of the stand, 
with which the rubbers are in contact, and P, left free on the 
glass, attracts N from the conductor. The glass is then restored 
to equilibrium, while the conductor has only P. 

It will be seen that either theory seems sufficient to explain the 
fact, that the conductor becomes charged with positive electricity 
whenever the glass is subjected to friction ; and that the amount 
developed and collected on the knob of the conductors increases 
with the amount of friction. 

(15.) The Ijeyden Jar. — I take a plate of glass, and coat each 
side with a piece of tinfoil, taking care that there shall be a rim 
of imcovered glass right round each piece of foil, so that the two 
pieces cannot communicate at the edge of the glass. £y placing 
either side in connection with the conductor of a plate marine, 
I charge that side with positive electricity, and on testing the 
other side I find it to be charged with negative electricity. Con- 
versely, if I charge one side with N, I find the other side to be P. 
These two charges — one N and the other P — will naturally attract 
each other; ana if I hold the glass between my hands — i.e., place 
one hand on the foil charged P, and the other on the side charged 
N — my body will serve as a conductor. I shall receive an electric 
shock (depending for its force upon the quantity of electricity de- 
veloped), and the coated plate of glass will be restored to its 
original condition. 

If I make the glass into a bottle, and line the lower portion of 

the inside and cover the lower portion of the outside with tinfoil, 

the upper uncovered part of the bottle will prevent any communi- 

cation between the lining and tbie coNetm^. If now I charge the 



SAITEBT OF LBTDBH JABS. 



dtarsed N of P, Then, as before, if I coimect thu outaide and in- 
side oy Buy condactoT, 1 dischaige the bottle, and it is leBtored to 
its original nentral condition. 

For couTemence of charging, and of connection nith other 
apparatna, a dlAOha^rging rod is often used, connieting of a enutU 
pair of tongs, of wiiich the handle is of glaee, and the lege of brass, 
terminatinB in rounded knohs. The legs may be opened at will, 
and if one Knoll ba placed on the inside of a Leyden jar, and Hie 
other knob on the ootside, the jar is at once " dischug^." The 
glABB handle prevents the escape of the force. 




If I desire to accumulate more electric force than one jar will 
retain, I make a battery of such jars (therefore called a Leyden 
battery) by putting tocether ariy number, usually sii, nine, or 
even twelve, in a email case. The iara are grouped together by 
being placed side by side in a plain wooden case just large 
enough to hold thenu The bottom of the box ia covered with a 
piece of tinfoil, which is thus in contact with the foil on the out- 
side of the jars, and by this the outside covering of all the jars 
become, eLectrically, but one, and the battery is practically one 
laisejar. 

It ie necessary that aU the inside coatioga should be also in like 
manner connected, and this is done by means of pieces of brass 
wire. Each jar has a wooden lid — i.e., a plain circular piece of 
rood, resting on the tO[) of the jar. Through the centre of this 
pasaes a piece of brass wir«, a, terminating above in a brass knob, 
and below in a chain that reaches to the bottom of the jar, and a 
few of the links of which lie on the tinfoil with which it is lined, 
and thus effectually secure the metallic connection of the knob 
above with the inner coating. This inner coating may thus be 
said to rise up, in the form of a knob, above the top of the jar,for 
the convenience of connection with other apparatus. 

These knobs have small holes, o, in their sides, and bv inserting 
a piece of brass wire into these holes, any two jars may oe, electri- 
cally, made into one ; and any number of ju« b& V\!cc!«wi (^'a- 
nected so as to become, so &r as the innei coa\ui^ bxb cva,<£i££a«^ 



170 BLBOTBICITT. 

but one large jar. So that when any number of jars are placed 
in a box, their outer coatings being connected by the tinfoil in the 
bottom of the box, and their inner coatings by the brass rods 
reaching from knob to knob, we have a Leyden battery. Any 
one of these iars being placed in connection with the conductor of 
a machine, tne electric force thus received by it is spread over the 
surfaces of the whole number of jars, and the charge they can re- 
tain is much greater than one jar coidd keep, because of the great 
increase of surface thus offered. 

If I charge the inner coatings, I bring one of the knobs near a 
conductor. It is necessary to put the outside of the jars in con- 
tact with the earth ; this is usually done by letting a small chain 
hang over the edge of the box, partly inside (in contact with the 
tin-foil), and partly outside (in contact with the ground). But I 
can just as easily charge the outside of the jars by placing the 
inner coatings in contact with the earth, by means oi a chain or 
wire reaching from one of the knobs to the ground. It will be 
noticed that the wooden 4)ox is of no service, except as serving to 
connect all the outer coatings (which might be easily done other- 
wise), and to keep the jars together, for convenience of moving, 
&c. In large batteries, a number of small gas jets are kept alight 
under the case containing the jars, for the purpose of keepmg them 
w^arm. It is essential tnat all the apparatus for friction^ elec- 
tricity should be dry and warm. 

(16.) SleotroBCope. — This is usually two leaves of gold-leaf 
attached to the end of a brass rod, so that they are free to move 
to and fro. To prevent their being moved by currents of air, 
they are commonly enclosed in a glass case. If I take an ordinary 
clear glass bottle, make a hole in the cork, and pass through this 
a piece of brass wire, terminating above in a small jQat pate of 
metal, I have all that is really essential in the construction of an 
electrometer when I have fastened to the lower end of the wire 
the two pieces of gold-leaf. The leaf is usually sold in small 
leaves, somewhat like a book. I put two such leaves together and 
cut a narrow strip off each with a sharp knife. I breauie on one 
end of the pieces so cut off, and press tnem together, after putting 
between them the end of the wire, which should be flattened so 
as to receive them. They will adhere quite firmly ; and if the 
cork, having the wire and two gold-leaves, be now put in the moulh 
of the bottle, the electroscope is complete. The two leaves hang 
down side bv side, looking like one, until some electric force is 
applied to the metal cap outside, which is in metallic communi- 
cation with the leaves. Any force thus applied to the cap in- 
stantly extends through the wire to the leaves, and they at once 
diverge, each repelling the other. The leaves are very delicate, 
and are easily torn. If the force applied to the cap be too strong, 
the leaves will repel each other so violently as to come into con- 
tact with the glass side of the case. This will give trouble, for 
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the gold-leaf is almost sure to adhere to the glass ; and if I turn 
the wire round so as to pull it away, it is quite as likely to tear 
it in hall To prevent this, two narrow strips of tinfoil are 
placed on the sioles of the glass inside, reaching from near the 
top to the bottom. Whenever the leaves repel each other so 
strongly as to come in contact with the glass, they touch these 
pieces of tinfoil, which, being in contact with the wooden bottom 
which a properly-made electroscope has, and therefore in con- 
nection with the earth (supposing the apparatus not to be insu- 
lated), the electric force is immediately carried ofif, and the leaves, 
being discharged, resume their original position by reason of their 
weight. A pith-ball suspended from a glass rod is a simple form 
of electroscope. 

(17.) XUeotrometers. — The electroscope gives evidence of the 
presence of electric force, but only in a very vague manner en- 
ables us to jud^ of its amount or intensity. If we want to compare 
any two such forces, or to compare any one' such force with any 
fixed standard, we require an electrometer. Of these the simplest 
is Henley's qiiadrant electrometer, consisting of a small upright 
wooden or metal column, fixed in a smaU stand, and havmg 
suspended from its upper end a still smaller slip of wood, or 
thread, at the end of which is a pith-ball. If I place such an 
instrument on the conductor of a machine, and excite it, the 
small arm carrying the pith-ball is at once repelled from the 
upright stem, and the degree of this repulsion, measured by a 
smaU graduated arc, marks the comparative degree of electric 
force present. But this is a very simple and not very trustworthy 
instrument Fig. 85. 

The torsion electrometer is a much more accurate instrument, 
and consists essentially of a verv light sheUac rod a, ^ 
terminating in a pith-ball 6, ana suspended by a fine ^ 

wire or thread from the top of a small glass case. 
It is thus free to move without friction, and the pith- 
ball, when electrified, is insulated by the shellac rod 
l)eing a non-conductor. The rod and ball hang 
horizontally across the glass case, and a second rod c, 
also terminating in a pith-ball e, passes through a 
small opening in the top, so that the two pith-balls 
are in contact. This second rod and ball are remov- 
able and replaceable by means of a handle d pro- '^* 
jecting outside the case. I desire to measure, oy means of this 
instrument, the intensity of the electric force on the conductor of a 
machine, a Leyden jar, or any other body. I take out the movable 
ball e, place it in contact with the electrified body (by which con- 
tact it oecomes itself excited), then replace it in the electrometer. 
The ball in the instrument, 6, is electrified by contact with the ball 
e, and is repelled by it. In moving away it turns round the thread 
by which it is suspended, and this is turned by the handle o, on 



172 ELEOTBIOITT. 

the graduated plate m, at the top of the instmmeiit The two 
pith-balls may be brought together again by turning the handle 
0, but the thread will be twisted by the opposite forces — one applied 
to the handle tending to turn it one way, and another, the repul- 
sion of the pith-balls, tending to turn it the other. Still, by turn- 
ing the handle o, the two balls may be forced together, notwith- 
standing their mutual repulsion ; and the amount of turning re- 
quired to eflfect this is proportionate to the electric force on the 
balls, and therefore to that on the conductor or jar that has to be 
measured. The method of measurement, not oy the amount of 
repulsion, but by the amount of turning required to overcome the 
repulsion, explains the name of torsion electrometer given to this 
instrument. 

Feltier^s electrometer is essentially the same as the one just de- 
scribed, but can be more easily charged and discharged. An 

upright brass stem a terminates above in 
a Knob by and below in a ring c, and two 
arms d. A very light wire m, and also a 
small magnet n, move freely upon a point 
fixed at the bottom of the ring c. The 
position of the arms d depends upon that 
of the stem a to which they are fixed ; but 
the position of m depends on the magnetic 
meridian, the magnet n pointing nearly N. 
and S. By turning the whole apparatus 
round as far as necessary, the two arms d 
and the wire m are brought together. If 
now any charge of electric force be com- 
municated to the knob &, it is at once dif- 
g ^^^v ^ fused over the whole of the stem and arms. 

^s^ The arms d cannot move, being in rigid 
^ connection with the stem a, but the wire 
^' m moves freely on the pivot, being kept in 

its position only by the magnetism of the needle, which, though 
strong enough to determine the position of m when free from other 
constraint, is too weak to offer any practical resistance to any 
active force, such as the mutual repulsion of the bars d and m 
when both are similarly electrified. Consequently when they are 
so excited, by the application of any electric force to 6, the mov- 
able bar m is at once repelled from the arms d. The amoimt of 
this repulsion, which can be known by reference to a graduated 
circle, shows comparatively the amount of force present. The 
whole apparatus is usually enclosed in a glass case. 

Another and very accurate method of measuring the amount of 
electricity produced in any given time, or by any given amount 
of labour, is to use a tinit jar. This is a small Leyden jar, 
having at a fixed distance from its knob a discharging rod con- 
nected with the outer coating. If this small jar be connected 
with the machine, it will be discharged whenever the amount of 
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force accumulated is sufficient to cross the distance at which the 
discharginfi^ rod is fixed. Tlie number of discharges will be a 
measure of the whole amoimt of force that has been developed. 

(18.) Meotrophoras. — Tlus consists of a small circular disc a 
of some non-conducting material (glass or vulcanite usually), 
resting on a larger disc of brass b, and having a metal disc c of 
smaller size, wim a glass handle to fit on it. The disc of vulcan- 
ite can be excited by beating it with a piece of flannel or skin, 
and being insulated, will remain excited, even for days, if the air 
be dry. The cover c, when placed on the excited disc a, becomes 
also excited, but being also insulated will remain so. It may even 
be carried about by means of the glass handle, and will still re- 
tain the force derived from contact with the disc of vulcanite, if 
certain precautions be taken. There is a striking resemblance 
between the action of the electrophorus, and the example of in- 
ductive action explained at page 156. 

Fig. 94 shows an electrophorus with the cover. This cover is 
really the dectro-phorus ot electric carrier, since it conveys away 
from the excited plate a small amount of 
force every time it is brought into contact 
and removed. A small plate of vulcanite, 
some 4 inches across, has retained some 
traces of excitement for ten days, when 
placed on the marble mantelpiece in my 
room. The air being warm and dry has 
prevented the escape of the force. 




Fig. 94. 




(19.) tTniversal Discharger. — ^This is a convenient piece of 
apparatus for subjecting small 
objects to the action of a cur- 
rent of electric force. It con- 
sists essentially of a small table 
of bone or ivory, and two metal 
rods with glass nandles. Usual- 
ly the two metal rods terminate 
in knobs a, and are mounted 
on glass stands 6, one on either 
side the table c. Two ball- 
and-socket joints, df enable these rods to be moved in any direc- 
tion by the glass handles, and the two knobs can be brought to- 
gether on the table c. 

Let it be required to pass a current of electricity through a 
piece of fine wire. I lay it on the table c, and connecting by 
wires one of the brass rods a with the conductor of a machine, 
and the other with the earth, I bring them both in contact ^dth 
the piece of wire on the table, and it is at once made part of the 
conaucting circuit. Or I connect one rod with the outer coating 
of a Leyden jar, and the other with the inner coating, and as 
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before, the wire, reaching from one knob to the other, forms part 
of the circuit, and the electric force passes through. 

The Condenser, — If by the side of a wide but shallow pond I dig 
a deep hole and connect them, the water will be drawn off to fill the 
hole at but a small loss of depth to the pond. In the same way a 
deep and narrow well will contain much more water than a fal- 
low one. Similarly, if by any means I can increase the power of 
a body to retain electricity on its surface, it will draw to itself a 

large part of the force collected on any other 
sunace with which it may be brought in 
contact. In fig. 96 a class rod excited drives 
part of the electricity down to the ^Id-leaves, 
which are positive, while the cap is negative. 
Here the cap is in equilibrium with less than 
its normal amount, because the extra amount 

A in the rod stands instead of it. If the rod 
»• had been — the cap would have been + *.«. 
would have contained more than its normal 
amount. So that I am able by holding near 
the cap a + or — body to enable it to be in equilibrium witii 
either less or more than its natural amount ; that is, 
it is either a condenser or the reverse. 

If I desire to charge a Leyden jar, I must connect the 
one side with the conductor of the machine and the 
other side with the earth, or some other large con- 
ducting substance. Then if I charge one side posi- 
tiveljr, the other becomes negative ; if I charge one side 
negativelv, the other becomes positive. That is, as 
before, the second side becomes a condenser or the 
reverse, able to contain more or less than its proper 
amount. 

In fig. 98 are three Leyden jars on a stand, M, which 
is of glass. If I take away the wires a and 6, then only 
A will be chained by the conductor D, and for this to be done! 
must connect the outside with the groimd. When A is charged, if I 

connect the two knobs of A and B by a wire, 
might I not reasonably expect that B would 
be charged by conduction ? But no such 
result would follow, because reallv the 
inner coating of A would be a condenser 
or the reverse, according as its electricity 
is j)ositive or negative. If it be positiT^ 
it will not impart any of its force to B ; if it be negative, it will 
not draw any n'om B. I assume here, for clearness of illustration, 
the truth of the single-fluid theory. But it is certain that electric 
force may be, as it were, rendered latent by a condensing appar- 
atus. Compare the action of a condenser with the phenomena of 
latent heat 




Fig. 07. 




Fig. 98. 
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So in the case of the electrophoms : if the plate a be of vul- 
canite, and therefore negative, the upper plate c becomes a con- 
denser, and wiU contain more than its nor- 
mal amount of electric force. But if the 
plate a be of glass, then the upper plate c is 
the reverse of a condenser, and will not con- 
tain its proper amount if any road be open 
for the passage of the surplus force. 

To what practical use can this be put? 
Pig. 99. Why should we desire to condense electric 

force ? The purpose for which Volta invented the condenser was 
the detection of very weak currents. If a large surface be charged 
with a very small amount of electricity, ordinary means of detection 
win fail; but if I connect with it a condenser — i.e., a body cap- 
able of containing more than its normal amount, this will draw to 
its surface a greater part of the force than it otherwise would, and 
80 render the force capable of measurement A familiar example 
is offered by an ordinary dinner-dish having a depression at one 
end, so that the gravy may be collected there for the more conve- 
nient use of the spoon. 
Specific capacity for induction, — I have shown that two metal 

Slates near each other, with the intervening air, are really a Ley- 
en jar in eveiything but shape. If one such plate be electrified, 
the other is also affected by induction. If now I interpose be- 
tween these ]^lates a sheet of glass, I bring the resemblance to a 
Leyden jar still nearer; but I nave done more than this. I have 
altered uie amount of inductive power on the second plate. It is 
nearly twice as great passing through the glass. By substituting 
for the glass a plate of sulphur I increase the inductive power 
Btillmore. 

If I have a number of Leyden jars, one of resin, one of wax, a 
third of glass, a fourth of sulphur, I find the induction to be 
greatest ^en I use the sulphur jar, and least when only air is be- 
tween the plates. Thus, for 10 units of power condensed when I 
Tise air, I get 17 when I use resin, 18 for wax, 19 for glass, and 22 
for Bulphnr, 
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SUMMARY. 

Sealing-wax nibbed with flannel, and glass rubbed with silk, has 
the power of attracting light substances, which are after a time re- 
pelled. This same power is possessed in a less degree by all 
substances ; but in many only to a very small extent. The 
name of electricity is given to this power. Page 132. 

The chief effects of electricity are attraction, heat, light, 
chemical action, magnetism. Page 135. 

The chief sources of electricity are friction, pressure, cleav- 
age, heat. Page 138. 

The electricity developed on one body by friction may be con- 
ducted to another, if they are connected by any substance along 
which the electricity can travel. Page 139. 

Substances along which electricity can travel are called con- 
ductors : others we call non-conductors. Page 139. 

Electricity, when sufficiently accumulated, will assume the 
form of a spark, called the electric spark. Page 141. 

Electricity may be regarded as a " mode of heat^" and is pro- 
bably an eflfect of motion. Page 145. 

Electricity will pass through the human body, and its passage 
is marked by a series of slight shocks at the joints. Page 146. 

Electricity is a surface effect only. Page 147. 

Electricity will escape readily from points; but only with 
difficulty from rounded bodies. Page 149. 

Electricity will pass across a non-conductor on its way from 
one conductor to another. Page 149. 

The velocity of electricity, through a good conductor, is 
280,000 miles per second. Page 154. 

An excited glass rod held near an electroscope will cause it to 
be effected without contact, but only while the rod is near it 
This effect is called induction. Page 156. 

Iiightning is ordinary electric light on a large scale. 

Page 161. 

The damage said to be done by lightning is really caused by the 
conversion of the electricity into heat. Page 162. 

Apparatus for the detection of electricity are called eleotro- 
Boopes ; those for its measurement are electrometers. 

Page 164. 

For the detection of very small amounts a condenser is used. 

Page 174. 
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GALVANISM. 



QolwxnUm 

a^M&y ^The« term, are .ynonymom 

Dynamical £lectrictty 

(1.) Introdtiotioii. — I take a piece of zinc, about nine inches 
hy cdz, and one-eighth of an inch or more in thickness. This I 
roll into a cylinder, and stand in a glass vessel of similar shape. 
Inside the zinc I place a porous eamienware jar, and inside tids 
a bar of carbon, about an inch thick each way, and long enough 
to stand about an inch above the zinc. There is about a quarter 
of an inch of space all round between the zinc and the outer glass, 
and also between the zinc and the inner jar, and as much or more 
between the jar and the carbon. 

The zinc and the carbon are the elements of the galvanic bat- 
tery — ^the glass jar is to contain the one, and the earthenware jar 
the other. I mix sulphuric acid with about seven times its vol- 
ume of water, and with the mixture nearly fill the glass jar con- 
taining the zinc. As soon as I connect in any way the zinc and 
the carbon, the galvanic action will commence, and will flow from 
the carbon to the zinc. 

The action of the battery will be this : The water in contact 
with the zinc will be decomposed — 1.6., separated into its ele- 
ments, hydrogen and oxygen. The oxyeen will unite with the 
zinc, while hydrogen will be given oflF at the surface of the carbon. 
The oxide of zinc, formed by the union of zinc and oxygen, will 
be dissolved by the dilute acid in the glass vessel ; but the hydro- 
gen is given off on the surface of the carbon, though the water is 
decomposed by tiie zinc. This is because the water between the 
two is decomposed, particle by particle, and recomposed. Thus, 
supposing there be ten atoms of water between the carbon and 
the zinc, then the atom nearest the zinc is decomposed, the oxygen 
uniting with the zinc, the hydrogen being free. The current de- 
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composes the next atom, and its oxygen nnites with the hydrogen 

of the first atom ; and so on, until the hydrogen of the last atom — 

that nearest the carbon — is alone free, and, having nothing to 

combine with, is given off. 

Fig. 100 shows the supposed arrangement of the atoms of water 

__ __, __, __ __ _-, ETC- __ before decomposition ; and, 

fflSlolElIol^glill ij^the second row, the ^- 

rangement afterwards with 
|o] Ho] ^ S go] go| Hg ^ Q the extreme atoms of Oand 
Fig. 100. H free. 

The zinc and carbon must 
be imited by a wire, or some other conductor, before the current 
will be developed ; and even when this is done it will be very 
feeble, owing to the hydrogen set free filling the pores of the 
earthen jar. This, however, is easily remedied by pouring a 
little strong nitric acid into the inner jar. The hydrogen 
combines with some of the oxygen of the acid to form water, 
and the acid becomes nitrous acid. Thus NO5 + H becomes 
NO4 + HA 

The zinc in the glass vessel, the carbon in the earthen vessel, 
and the sulphuric acid (diluted with about seven times its volume 
of water), form the essential elements of galvanic action — ^the 
nitric acid (not diluted) being necessary only for the absorption of 
the hydrogen set free. 

Any number of these cells, or units of galvanic action, may 
be united to make a more powerful current, and the compound 
cell or battery will act as one cell of greater strength. The 
zinc of each cell must be connected with tne carbon of the next 
Thus the current will pass from the carbon of the end cell 
through the acid to the zinc of the same cell, thence by the 
connecting wire to the carbon of the next, thence to the zinc, and 
so on to the end. From each cell a separate current is generated; 
all of them flowing in the same direction, to the zinc of the cell 
at the other end. The two wires, one from either end, may be 
joined, in which case the current is at once generated, but any 
piece of apparatus or metal, or any other substance, may be made 
a part of the path of the current. Thus, if I desire to measure 
the strength of the current, I place a galvanometer in the cir- 
cuit by fastening the wire from the zinc end of the battery to 
one side of it, and the wire from the carbon to the other. The 
current then passes from the carbon through the galvanometer to 
the zinc. 

If I wish to decompose water, I connect the apparatus for the 
electrolysis with the battery in the same manner as I did the 
galvanometer ; and generally, in all apparatus intended for opera- 
tion by galvanism, it will be found that two small screws are 
arranged, one on either side, so that by the two wires from the 
battery being screwed in, the current passes through as required. 
In describing the practical application of galvanism, such a 
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phiase as " passing a current tlirough," or " connecting with a 
battery," will mean this completion of the circuit by a wire from 
each end of the battery bemg connected with the particular 
apparatus described. 

This action of a galvanic current may be very simply illus- 
trated by a galvanometer and two pieces of copper and zinc. 
A galvanometer is an index of galvanic strength, consisting of a 
needle, which, by its deflection to the right or left, shows that 
a current is passing through the wire that is inside the galvano- 
meter. The wire is usually inside a small wooden case ; while 
the needle is in front, protected by a glass plate, through which its 
movements are visible. At each side is a small screw for fasten- 
ing wires from a battery, so that the current shall pass through 
the coil of wire inside and deflect the needle. 

Fig. 101 shows the front and back of a galvanometer. In 
the front is seen only a 
vertical needle wor^ng 
on a pivot Behind is 
seen a second needle 
working on the same 
pivot. In both figures, 



two screws, o o, serve 





to fasten the wires from 

the battery to. Within Fig. joi. 

a continuous wire goes 

from one screw to the other, being in its passage folded to and 

fro several times on either sijde of the inner neecfle. Two needles 

so joined together are called an astatic needle. 

Take a thin piece of zinc about two inches by one, and a piece 
of copper of equal size, solder a short copper wire to each, and 
fasten the ends into the screw-holes of the galvanometer. Turn 
the wires so that the two pieces of metal come together in front 
of the galvanometer, and dip them together into a saucer of water 
diluted with a little sulphuric acid. Galvanic action will imme- 
diately conmience, of wmch evidence will be given by the needle 
moving a little towards the side to which the wire from the zinc 
is attached. If the copper and zinc be changed in place, the 
needle will change its deflection, always benoing towards the 
zinc. The zinc, assisted by the acid, wiU decompose the water in 
contact with it, and hydrogen will be liberated at the surface of 
the copper, oxygen uniting with the zinc to form oxide of zinc, 
which will again unite wim the sulphuric acid to form sulphate of 
zinc, which will be dissolved in the water. 

The zinc will decompose the water without the copper being 
present, but this will be merely a case of chemical action, without 
any electrical action being evident. If the zinc and copper be 
put together in the acidmated water, and the wires jomed, a 
current will be at once generated, the two metals and the acid 
water being all that are necessary to produce it. The galvan- 
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ometer does no more than give evidence that a current is so 
generated. 

(2.) Chemical Origin of Galvanic Force. — Chemical action 
requires absolute contact. Gunpowder may be placed in the in- 
terior of a gas-flame of lar^e size without any dan^r of an ex- 
plosion, although entirely shut in by the flame. A jar of hydro- 
gen will bum, with a flame, only at the points of contact witn the 
oxygen of the air, the lower portion of the hydrogen being unaf- 
fected until it come into actual contact. So a plate of bri^t zinc 
when in water is acted upon chemically, until the surface be 
covered with a thin coating, which prevents the actual contact 
of the metal and acid. Thus, if I put zinc in water I have Zn 
+ HjO, but this becomes ZnO + Ha — i.e,, the oxygen of the water 
combines with the outer particles of the zinc and forms zincic 
oxide. This being insoluble in water, remains, by the force of 
adhesion, on the surface of the still pure zinc, and prevents 
further oxidation, because the pure zinc is kept from contact 
with the water. 

If now I use, instead of water, a solution of sulphuric acid, the 
zincic oxide, as fast as made, is converted into sulphate of zinc, 
which is soluble in water ; and in this case the decomposition of 
the water by the zinc is not stayed as before, because the oxide is 
converted into sulphate, and dissolved in the water as rapidly as 
it is formed. 

In each case the hydrogen liberated by the decomposition of 
the water is evolved from the surface, owing to its ligntness and 
insolubility. But if the zinc be amalgamated with mercury, the 
oxidation will, after a time, be stayed, even though the oxide be 
converted into sulphate by acid. And this will be found to be 
because the hydrogen, instead of escaping from the surface of the 
water, is attracted oy, and adheres to, the surface of the amalga- 
mated zinc If these bubbles of gas be cleaned off, the chemical 
action will proceed as before. 

But we need not remove these bubbles by hand. A plate of 
some other metal, say platinum, introduced into the liquid will 
remove them, if the two metals be in contact^ but not otherwise. 
The hydro^n will now be evolved from the surface of the second 
plate, which will be itself but little (if at all) affected by the add 
or the water. 

It would appear as if the hydrogen passed from the zinc to the 
platinum, ana was there evolved. But this is improbable, since . 
there is no evidence of its passage. The theory that is usually ac- 
cepted is, that the atoms of water between the two plates are idl 
decomposed^ and their donstituents recomposedy leaving atoms of 
oxygen free at the zinc plate (with which they comoine), and 
atoms of hydrogen free at the platinum plate, from whidi they 
are given off. 

Tne plates must be in contact for this action to take place, bat 
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this contact need not be immediate. It may be made by means 
of wires, and these wires may be of indefinite length, in which 
case we get the ordinary phenomenon of the electric telegraph, in 
which the connecting wires are miles in length. 
To recapitulate these phenomena, — 



A plate of zinc is placed in water. 



Snlphuiic acid is placed in the water. 



The zinc plate is amalgamated with 
mercury to prevent ' * local action. " 

Another metal plate (not zinc) is in- 
troduced in contact with the zinc. 

The connection of the two plates is 

made by means of wires. 
These wires are of indefinite length. 



Water it decompoud and the tine 
covered with oxide of zinc, which 
prevents fur^£r action. 

The oxide it converted into sulphate 
of zinc {which the water dissolves), 
and the oxidation is not arrested aa 
before. 

The zinc is, atjirst, oxidised as htfort, 
but (he action is arrested by the ad- 
hesion of hydrogen to its sufface. 

The hydrogen is evolved from the sur- 
face qf the second plate, and Vce oxir 
dation of the zinc is cotUintious, 

The same result. 

This would be the nucletu of an eleC' 
trie telegraph. 



(3.) Various Forms of Galvanic Batteries. — I have 
mentioned that the hvdrogen set free from the decomposition 
of water by means oi zinc adheres to the surface of the zinc 
when it is amalgamated, or to the surface of the copper, plat- 
inum, or other negative plate. This adhesion interferes very 
materially with the development of the current, and many ex- 
pedients nave been devised to prevent it. The general prin- 
ciple of most of these is to bring mto contact with the hydrogen 
evolved some substance, simple or compound, that shall absorb it 
as rapidly as it is evolved, so as to prevent its interference with 
the development or progress of the current. 

Groves Battery, — One of these methods is the battery of Mr 
Grove. In this the evolved hydrogen is brought into contact with 
nitric acid, which is reduced to nitrous acid by the abstraction of 
some of its oxygen, taken from it by the free hydrogen, so that 
the mixture of nitric acid and hydrogen produces nitrous acid and 
water. This forms a very eflFective battery, but also an expensive 
one, owing to the costliness of platinum. Copper plates would be 
affected by the nitric acid, so that platinum is substituted as not 
being soluble in the acid necessary to absorb the hydrogen. A 
"Grove's nitrio-acid cell," therefore, consists of two earthen- 
ware cells, one within the other, the lesser being unglazed and 
porous. In these inner cells are plates of zinc in oilute sulphuric 
acid ; in the outer ones, plates of platinum in strong nitric acid, 
or a mixture of nitric and sulphuric acids. The current passes 
from the zinc to tJie platinum, the zinc being oxidised, and 
the hydrogen thus liberated absorbed by the nitric acid, whicL 
is reduced to nitrous acid. Any number of cells make a battery. 



Fig. 103 shows a section of a Grove'B ceU, a being the rinc pUte, 

^ g^ and c the platmum plate enclosiiig it. 

f, \ ^ The flange o of the platinum is for 

»BBBB connection with the next cell. The 
^^^H nitric acid, in which the plBtinum 
^^|H plate is immersed, is shown by lines 
^^^^H thus,\ and the sulphuric acid in the 
^^^1 iunei cell by lines /. Fig. 102 shows 
^^^^ the same cell as seen from above, the 
He. IDS. Fig. io» lettering and shading being the same, 

Bun»eii» Battery. — To avoid Uie expense of platinumj M. 
Biinsen arranged a battery in which zinc, as before, is the positive 
element, but the negative is carbon, a substance unaffected by 
nitric acid. The only difference between a " Grove " and a 
"Bunsen" is the subatitiition of a carbon cylinder for the plati- 
num plate. The general structure, action, and results are the 
same m both. The carbon is outside and the zinc inside, because 
it is an advantage in point of power to have the positive element 
within the negative, for the same re^on that a wire condncts the 
better for being thick. If the currents proceed from each point 
of an outer circle to the centre they must get crowded togetlier, 
interfere with, and partially destroy each other ; while if they pro- 
ceed from the centre outward, they have more and more room for 
their action. Therefore it is greatly preferable to have the posi- 
tive element, from which the currents proceed, in the centre, and 
the negative one outside it. 
Fig. 105 shows a Bunsen's cell The rod or bar of zinc a ia in 
the centre, surrounded by the 

Jlinder of carbon b. "Ei^, 104 
ows (he same cell &om above. 
A Qrove's cell is sqaare, a Bun- 
sen's is circular. 

But the same objection that ei- 
ists against the platinum as an 
element^i.e., the eipense — also 
exists against the use of carbon 
when made into hollow cylinders. Carbon itself is not expensive, 
but to make it into cylinders ia difficult and costly, and it is found 
'a practice that it is really cheaper to make two cells having 
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bar of carbon inside a cylinder of rinc, than one having a cylinder 
of zinc within a cylinder of carbon ; in addition to which, the 
hollow cylinders of carbon are much more liable to be Sactuied 



than the solid bars. This has led to the modification of Bunsen'a 
battery in common use in England, which conaista of solid bars of 
compressed carbon as the negative element, and cylinders of 
amalgamated zinc as the positive. In all other respects the ar- 
rangements are exactly as the Bunsen battery, which is itself but 
a moditication of the Grove. If in figs. 104 and 105 we sappoee a 
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bstteiy of this kind that I hare had in use for two yean. 

DawlVi Baittry. — AnotlieE' method of getting rid of the 
hydrosen is to faring into contact with it Bulpbate of copper. 
AceWins to one &eory of the composition of amphate of copper, 
it ia made n^ of nilpnuTic acid and oxide of copper, tuid the 
hfdiogen, asouted by the elec^^i-motive force of the current, ia 
mppowd to decompoae the sulphate, to unite with the oxygen of 
the oxide, setting ^ee the copper and the Bnlphuric acid. Tlie 
Utter TomainB in solution in toe water, wldle the metallic copper 
adheiea to the negatiye plate, which in thia hatterv ia copper, and 
tbe result of this adhesion is oimply to increase tne thickness of 
the plate without decreasing its powers aa an element of tbe bat- 
tei^. This theory of tbe composition of sulphate of copper has 
heen somewhat modified, but tae change refers rather to the ar- 
nngement of its constituents than to their quantity, so that the 
decomposition, the union of oxygen with the free hydrogen, and 
tlie deposition of copper, is eqiiaUy possible and probable with tbe 
modem theory. In tiis way the hydrogen is got rid of, and the 
negative plate of the battery remains in good working order. This 
hu procured for this arrangement the name of " Daniell'e constant 
battery." 

The usual arrangement of a "Daniell's battery" consists of a 
glass vessel to con- _^^ 

tain a copper cylin- 
dtt, inside of which 
ia jdaced a porous 
vessel to hold the 
amalgamate 



placed, while the 
copper is immeTsed 
in a solutim of sul- 
phate of copper, which 




Hg. 107. 



^ , , is decomposed as already described. 1^. 

107 shows a cell of this kind. Cu is the copper vessel, and 2m 
the zinc Fig. 106 shows this Irom above. 

To provide for tbe continuous action of the battery, it is neces- 
sary to have a continual supply of sulphate of copper, and this is 
arranged for by making a kind of hollow rim to we copper plate, 
which is filled with solid copper sulphate. Aa the solution is 
deprived of its copper by the action of the battery, these solid 
OTstals are dissolved, and thus a constant supply is furnished. 
The cmtals are dissolved and decomposed, the copper being de- 
posited on the surface of the negative plate. These are shown in 
lig; 107 at the top, and in fig. lOQ as forming an outer cirola 
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Thij battel? luu also the adTantase of having the positive de- 
ment witiiin the negatiTe, bo that the cmrentB proceed ontwaid, 
and have thna more room ; and if both plates be is the tame fluid 
(aa they may be), the Bnlphiiric acid denved from the decompoei- 
tioii of the snlphate is available for the converdoii of the oxide 
of zinc into inlphate of zinc 

Sttieii Battery. — A thiid method of providing for the hydro- 
gen set free by the formation of oiide of line ie to roughen tlie 
surface of the negative plate, to that from the points so made the 
l»u is given off. It adheres to the copper ot platinum because 
Che soiface is smooth. In the Smee battery the negative plates 
axe of silver, and tlie surface of this is roughened bj depositing 
on it platinum in powder. This forms a series of fine points, 
which are favonrable to the escape of the hydrogen from the plate. 
The arrangement in this battery is to have a single flat plate of 
silver placed between a double plate of amalgamated zinc, so that 
each surface of the silver or negative plate has opposed to it a zinc or 
positive plate. Hydn^en adheres to smooth Burfaces, bat escapes 
readily from the points of roughened plates ; but though it is 
&ns, in the Smee battery, prevented from inteifering with the 

^ , working of the battery, it 

' is ^ven off as gas, while 
in IJie Baniell'B batteiy it 
is altogether al»orbed. In 
the arrangement of the 
Smee batteiy the cnrrent 
proceeds inwards from tie 
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plate fi doubled, havi^ within it the silver plate A covered with 
powdered platinum. F^. 108 shows the plates separately. 

(4) I]fibotB of OalvKuio Cfurrents,— The current of a gal- 
vanic battery will decompose componnd Bubstances, will affect the 
direction of magnetic needles, and will raise the temperature (J 
any subatance throngh which it passes if its progress be arrested. 

(A.) Chemical AnalysU. — I place two wires in connection 
with a voltaic battery, and let them terminate in small ptatinnm 

Elates. The wires may be of any eondncting snbBtance, as copper, 
ut should terminate in platinum, which is not subject to much 
chemical action. I put these plat(» in a solution of the compound 
to be decomposed, and (if the current be of sufficient power) the 
conBtituentB of the compound will divide into two groups, one of 
which will go to the positive and one to the negative pole of the 
battery. If the compound have but two elements, one will go to 
each pole. Thus, if I decompose hydrochloric acid, which is a 
compoand of hydrogen and chlorine, the chlorine will be found 
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at the poeitiye pole, and the hydro^n at the negative— that is, 
chlorine gas will rise from the positive pole, and nydrogen from 
the n^»tive, both being obtained by the decomposition of the 
add. It it be a compound of more tnan two elements, I get a 
simpler compound at each pole. Thus, from the decomposition of 
sulphate of soda, I get at one pole sulphuric acid, at the other soda 
— ue.y the two compounds of which sulphate of soda is composed, 
A^dn^ common salt, which is a compound of chlorine and sodium, 
wul aye chlorine at the positive pole and sodium at the negative, 
bat the sodium will be converted by the water into soda ; while 
sulphate of ammonia will give the compound sulphuric acid at 
the positive pole and the compound ammonia at the negative. 
Sulpnate of copper, in like manner, gives sulphuric acid and 
copper. 

J^. 110 shows a simple apparatus for electrolysis, consisting of 
a V tube fixed to an — 

iron stand, suffici- ^^ 
ently heavy to keep 
it steady, o o are 
the two platinum 
plates at the ends 
of the wires s s, to 
the other ends of 
which are fastened 
the + and — wires 
from the battery. Pig. no. 

The bubbles of gas are shown as rising in the tubes from the 
liqxdd at the lower part of the apparatus. 

^ (L) The compound to be decomposed must be made part of the 
circuit — ue., tm current must be made to pass through it. 

(iL) The compound must be in a liquid state. A solid either 
conducts the current or breaks it (according as it is or is not a 
conducting substance), but is not chemically decomposed by it. 

(iiL) The compound must be of a conducting and a non-conduc- 
ting substance : otherwise the current is simply conducted or 
totallv arrested. 

(iv.) The conducting substances go to the negative pole ; the 
non-conducting to the positive. 

(v.) The greater the amount of the electricity, the greater the 
amount of the compound decomposed. 

EXAMPLES OF ELECTROLYSIS. 

1. Potassic iodide {iodide of potassium), 
jyegative pole, potash. 

Positive pole, iodine. 

2. Capric sulphate {sulphate of copper). 
N, p., copper. 

P. p., suIphuTic acid. 
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3. Ammonitim snlpliate {sulphaU ofamfiumia)* 
N. p., ammonia. 

P. p,, sulphuric acid. 

4. Plumbic iodide {iodide qflead), 
N, p., lead. 

P. p.f iodine. 

5. Stannous chloride {chloride qftin). 
i\r. p., tin. 

P. p., chlorine. 

6. Argentic chloride {chloride oftilvtr), 
N. p.f silver. 

P. p., chlorine. 

7. Zineic chloride {chloride of zinc). 
N. p., zinc. 

P. p., chlorine. 

8. ]^drochloric acid. 

If. p., hydrogen. 
P. p., chlorine. 

9. Sulphuric acid. 
jy. p., sulphur. 
P. p., oxygen. 

10. Plumbic acetate {acetate of lead). 
i\r. p., lead. 

P. p., acetic acid. 

11. Plumbic nitrate {nitrate of lead). 
i\r. p., lead. 

P. /)., nitric acid. 

12. Water. 

i\r. p., hydrogen. 
P. p., oxygen. 

It is important to have a clear idea of the condition of the bat- 
tery and the compounds decomposed by its action, and to under- 
stand the exact nature and function of each part of the apparatus. 

The current is usually generated by the unequal action of a 
liquid on two solids. Eeally there are two currents, one gener- 
ated by the action on each solid. If the two solids be the same, 
both these currents will be the same in power, and will neutralise 
each other. But if the chemical action on the metals be unequal, 
the two currents so generated will be unequal in strength ; the 
weaker will be coimterbalanced by a portion of the stronger, and 
the remaining portion will form the effective strength of the cur- 
rent. Thereiore, the greater the difference of the chemical actions, 
the more practically effective will the resulting current be. 

But not only does the galvanic current decompose chemical 
compoimds in the same manner : the quantitiea oi the elements 
released from combination are also invariable. Thus, if zinc be 
the substance actfed upon in the battery, the amount of any other 
element set free will vary with the amount of zinc dissolved. If 
I submit hydrochloric acid to the action, I get set free, for every 

fain of hydrogen, 35.5 grains of chlorine. From chloride of tin 
get, witn the same force, 118 grains of tin and 71 grains of 
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chlorine^ Notice that this quantity of chlorine is double of the 

former — 

Hydrogen .... 1 

Chlorine .... 85.5 

Tin .... 118 

These are the combining equivalents of these elements. The 
hydrochloric acid yields one atom of each constituent : the chlo- 
ride of tin yields one atom of tin and two of chlorine. 

(B.) Deflection of a Magnetic Needle. — ^Any small magnet, 
free to move, is placed more or less at right angles to any wire, 
through which a current is passing, that is near it. This is de- 
Bcribed fully under the description of the galvanometer (p. 195). 

(C.) Electric Light. — I pass a current along a stout wire ; no 
evidence of its passage is given by any development of light or 
heat I pass a current of tne same strength through other wires, 
of different thicknesses, and I find that the thinner ones feel warm. 
I try a very fine wire of platinum, and it is heated to redness by 
the passage of the current. I try a still finer wire, and it is 
melted 

Therefore it seems that the thinner the wire, the more difficult 
for the current to pass, and that the delay in the passage pauses 
ieat. 

I try first a wire of platinum, so thin as to be raised to redness, 
and a wire of silver olthe same thickness. Whenever I pass the 
-current through, I find that, though the platinum becomes red, 
the silver gives no such sign of heat. Therefore I infer that silver 
is a better conductor of electricity than platinum — i.e., a silver 
'wire of any given thickness will conduct more electricity than a 
platinum wire of the same thickness. 

The heat developed by a current when its passage is obstructed 
may be very great, if the current be powerful. K I separate two 
I)oints of a circuit, so that the electricity is accimiulated at one of 
them, it will be given oflF in the form of a spark. The air, being 
a bad conductor, offers so much resistance as to develop both heat 
and light. This light is so intense that it will bum under water, 
because the heat is so great that the water cannot carry it away 
80 fast as it is generated. 

The intensity, regularity, and completeness of this light at once 
suggested the employment of it as a means of illumination. But 
it requires machinery of a very accurate kind, since it is essential 
that the two points be kept at precisely the same distance from 
each other ; and this is the more difficult, because small particles 
of one point pass over to the other continually during the separa- 
tion which gives the light. 

Such a contrivance is called an electric lamp. But the lamp 
is only the machinery for regulating the distance between the 
points of the wire, the light is developed by the current passing 
along the wire from the battery, whicn is outside the lamp. In 
fiact, the lamp is no more than a small enclosure for the two 
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points between which the spark passes, fitted with machinery for 
keeping tiiese points in the requisite position by moving them as 
required, A lamp with less complicated and less expensive 
machinery is much wanted, and I think might be contrived by 
using the current more directly. 

Since writing this I have seen in action at Mr Browning's two 
simple and very efficient electric lamps : I have described these 
below. One of these I have had in use for some time with good 
results. 

This spark will pass between any two conducting substances. 
In the case of two metal points, the heat seems to melt and 
vaporise the end of one of them, and the vapour is carried across 
the interval, forming the conductor of the spark. If I take two 
points of carbon, I get a more brilliant light than from any other, 
and this I can do by connecting the two wires from the battery 
with two short pieces of carbon, which may be pointed for the 
more ready passage of the spark. 

The light so obtained is so brilliant that it will give a shadow 
to ordimupy light — i.e., if I hold a lighted candle before an electric 
light, not only will the candle be shadowed on the screen, but also 
the flame. The light is obstructed by the substance of the candle, 
and also by the substance of the name, while the light of the 
candle itself is so small in comparison that it is altogether inap- 
preciable. The electric light is altogether independent of combus- 
tion, and does not require the presence of oxygen. It will therefore 
exist as readily in a vacuimi, or under water, as in ordinary air. 
It is a physical, not a chemical, light. 
In fig. Ill is shown the simplest apparatus for the electric light. 

Two carbon points, oo, are 
supported by two iron 
rods a a, and can be 
moved to and from each 
other by the wooden han- 
dles m m. Two wires 
from the battery are fast- 
ened to these iron rods at 
« «. The current enters 
by the -(- wire, passes up 
the iron, across the two 
carbons, down the second 
rod, and away by the — 
Fig. 111. wire. When the battery 

is at work, the two points 
of the carbons must be first made to touch and then be separated 
slightly, when a light will be apparent, varying in brilliancy with 
the power of the battery. Two cells, or even one, will give a 
small spark. But this apparatus is only useful to 9k(m the spark, 
not to use it, and requires two hands to keep the carbons at 
exactly the right distance apart. In fig. 1 12 is shown an automaton 
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lamp, biTented hj Mr Browning, in which the machineiy is both 
umple and effective. The curtent enters by the left-hand wire 
(at the bottom of the figure), passes np the metal pillar, roand and 
round a small electro-magne^ fasten^ like a knapsack to the cen- 
tral pillar, Bcroaa the top norizontaj bar, down the right-baad bar, 
ttm>ugh the two carbons, and away by the right-hand wire. The 
only thing required is to keep the upper carbon from resting on 
the lowei, and this is done by means of the small electro-magnet 
The tube holding the upper carbon slides freelv up and down 
thiongh a hole at the end of the cross-piece, and if left to its own 
weight would rest on the lower carbon. But the small magnet 
has a keeper, to which is fastened a wire that crosses to the car- 
bon tube, and, as it were, grasps it. When the keeper ia drawn 
down to the mamiet, this wire tightens and prevents the descent 
of the carbon. When the keeper is not ao drawn donn the wire 
ia loosened, and the carbon tube descends. 




The two carbons are tc^ther, the upper resting on the lower 

y by ita own wei^t. I connect the wires of the tmltery, and the 

oarrent passes thiough the caibous, aa one, and no light eziatit. 
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I raise the upper carbon a little, and immediately a brilliant 
light is given off in all directions. I have set the lamp at work, 
the magnet keeps it so. In a very short time some of the carbon 
is vaporised, and the interval between the points is too great for 
the current to cross. Instantly it ceases to exist, the magnet 
loses its power, the keeper loosens its hold on the carbon tube, 
and this descends by its own weight. As soon as it comes suffi- 
ciently near, and before the two carbons are in contact, the cur- 
rent is re-established. The magnet draws the keeper, the keeper 
checks the descent of the carbon. Again the interval becomes 
too great, and the whole cycle of operation is repeated. In this 
way the little magnet keeps the carbon points at exactly the right 
distance apart, and the light shines as a continuous and brilliant 
spark, though really it goes out and is relit several times in a 
second. I have had a very effective light for three hours at a 
time with one of these lamps, the current being supplied by 
twenty zinc and carbon cells, pint size, charged with dilute sul- 
phuric acid and strong nitric acid. 

A larger lamp, also an invention of Mr Browning, and requir- 
ing forty or fifty cells, is shown in fig. 113. Here the apparatus 
is below the lamp, and consists chiefly of an electro-magnet and 
a lever of uneq ual arms attached to two parallel iron rods. These 
are drawn within two coils of wire whenever the current passes, 
and so move the lever. As before, the work to be done is to keep 
the carbons as far apart as the current can pass, but no farther. 
If this limit be exceeded the current ceases, and the lamp goes 
out This lamp gives a very brilliant light. 

(5.) Force of Galvanic Currents. — ^All galvanic batteries, 
whatever be their size or power, are in principle the same as the 
combination of zinc, copper, and acidified water I have described. 
And such a combination will always produce a current, that can 
be conducted, measured, and made to do work, just as any other 
natural force. The force of an electric current is divided in 
its action, one portion of it goes to overcome the resistance of 
the liquid to decomposition, the other to overcome the resistance 
of the wire to the passage of the current. 

The resistance of the liquid to the passage of the current (t.«. 
to its own decomposition) increases with the distance of the 
plates from each other — 1.€., with the amount of liquid traversed. 
The resistance of the wire to the passage of the current through 
it increases with the length of the wire. But it also decreases if 
the thickness of the wire be increased. 

The force that overcomes these resistances is the chemical affin- 
ity between the positive plates of the battery and one' of the con- 
stituents of the decomposable liquid in which the plates are placed. 

The effective force of a current — ^that which is available for any 
purpose external to the battery and conducting wires (such as 
telegraphy, analysis, &c.) — ^is the chemical affinity of the elements, 



ESTIMATION OF OALVAKIO FORCE. 191 

miniiB the resistaiiee inside the battery and in the wires ; that 
is, whatever remains of the ori^nal force, after these resistances 
are oYercome, is efficient as motive power. Or, to state it still a 
third way, the chemical affinity of the positive plate for one of 
the cdements of the liquid may be used as/orce, and made to do 
work, thon^ some o! it is consumed in moving the necessair, 
machinery, just as is the case with any other motive power, such 
as steam or water. 

If we use symbols to express the various forces at work in a 
galvanic battery, we may arrange them and compare them with 
uiQ aid of formulsB, and apply to their explanation and calculation, 
mathematical methods. Thus^ if E be the electrical force with 
which the positive plate acts on the liquid, K be the resistance of 
the liquid to decomposition, and r the resistance of the wire to 
the passage of the current, then — 

E — (R + ^) = the avaUable effective force of the current. 

It is important to distin^sh between B and r. If the battery 
be used for chemical anfidvsis, r is veiy small (because the wires 
are very short), and may be reduced to a minimum bv the use of 
good conductors. Then we may, practically, disregard it, and — 

E— R =a the available effective force of the current. 

If, however, the battery be used for telegraphy, and the wires be 
very long, tiiien r becomes of paramount importance, and R, by 
comparison, unimportant. Then, practically, we have — 

E— r = available force of ciirrent. 

We must regard electricity as a force, and the battery and wire 
as the machinerv. We must separate the one from the other, 
considering the battery and its arrangements only necessary for 
the collection and direction of the force, which is essentially 
derived from this chemical action between the positive plate and 
the liquid 

We must also set a clear conception of the relations of the dif- 
ferent portions oi the battery to each other, and of the functions 
they have to perform. Ana it is equally important to under- 
stand how these relations and functions may be affected by 
chants in the nature, size, form, and relative position, of these 
constituents of the battery. Thus E is increased by the increase 
of the action between the positive plate and the liquid, which 
may be caused by changing the plates, or the liquid — ^as, for in- 
stance^ when zinc is substituted for copper. 

B is increased b^r removing the positive and negative plates 
farther apart, and is decreased by bringing them more closely 
together. B is also increased by diminishing the size of the 
plates, and decreased by enlarging them. 

The resistance of the wire r may be increased by using finer 
wire, or decreased by using thicker. It also becomes ereater as 
the length of wire is increased, and less if the wire be snortened. 



192 GALVANISM. 

So that R Taries with D, the distance of the plates — ».«., the 
distance the current has to traverse ; just as r varies with I the 
length of the wire — ue,f again, the distance the current has to 
traverse. 

Also R varies inversely with S, the surface of the plates— ^0., 
the thickness of the stratum of water the current has to traverse ; 
just as r varies inversely with w^ the thickness of the wire — i.e., 
the stratum of metal the current has to traverse. 

Therefore R, like r, is greater for a long distance than for a 
short one, and is less for a iMck conductor (miether liquid or solid) 
than for a thin one. 

So that if by E we express the work done within the battery 
itself, bv r the work done in passing along the wires, and by W 
the work done by the galvanic force, such as deflection of a mag- 
net, chemical analysis, electric light, &c, then — 

E = B + r + W 

t.e., the chemical affinity of the two elements in the battery is 
capable of overcoming all the three resistances R, r, and W. 

But the equation E— (R + r) = W, which is the same as 
E = R + r + W, is here given as true of one cell only. The 
question of the amount of effective force m a battery y and how it 
is modified by the addition, subtraction, or rearrangement of ceUs 
in a battery, has been discussed by Ohm, and it is important to 
imderstand the reasoning he gives, as well as the formula ne adopts. 

In the equation E = R + r + W, it will be necessary to alter W 
to I in order to assimilate the equation to Ohm's. We have spoken 
of W as the work which a batterv can do ; Ohm speaks of the 
imtermty of the current ; really tne two are the same, so far as 
measurement is concerned. I used W because the work done was 
a tangible way of measurement. Substituting I for W — {.«., speak- 
ing of the power of work instead of the work itself — ^we have 

E = R + ^ + I > ^^^ this may Tt>e changed to 

I=E-(R + r) 

"We have now to consider what can increase or decrease E, R, or r. 
E, or electric force, can be increased by using a more oxidisable 
positive or a less oxidisable negative ; and decreased by reversing 
this. 

R, or internal resistance, can be increased by putting the plates 
farther apart, or by decreasing their size ; and decreased by put- 
ting them closer together, or increasing their size. 

r, or external resistance, can be increased by using longer wires, or 
finer wires ; and decreased by the use of shorter or thicker wires. 

I have two batteries. The power of one I know, the power of 
the other I desire to know without the serious trouble of experi- 
menting with it. It is important to be able to estimate this 
power approximately by calculation, because it is a work of some 
hours to get a large battery fairly to work and put away again. 
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Or I may desire to know what wonld be the power of a battery, 
which I already know under certain conditions, when those condi- 
tions are changed, as they may be by change of length or thickness 
of wire, of liquid, of size of plates, &c 

Let I be the known intensity, then V will represent the new 
intensity required. 

Also £, B, and r will represent the old arrangement, which giyes 
L Then E', R', and / represent the new arrangement, the result of 
which is represented by r, the yalue of which is not known. 

It is now an ordinary rule-of-three sum, or (to use more cor- 
rectly mathematical language) a question of proportion. 

I : r : : E : E' 

M., the intensity (I) yaries direcUy with the electric force (E). 

Also, I : r : : R' : R 

t.e., the intensity (I) yaries inversely with the internal resistance 
(R). 

Lastly, I : r : : / : r 

i.e,, the intensity (I) yaries inversely with the external resistance (r). 
Putting these together we get 

( E : E' 
1:1'::] R' : R 

and expressing this as an equation, we haye 

I (E' X R X r) = I' (E X R' X rO 
. E' X R X r 

•• "-"e xR'x/ 

Now, we may take I, E, R, and r as each equal to unity, as being 
the standards of comparison. Then 

, E' X 1 X 1 



r 



1 X R' X / 



and omitting the unity factors, we haye 

I^ ^ 

R'X/ 

which is the formula giyen by Ohm. 

This is usually explained by saying that the intensity yaries 
directly with the electric force, and inyersely with the resistances. 
Knowing how much difficulty this formula has been to students, 
I haye explained more fully now it is obtained. 

(^e important result of this formula is the knowledge how to 
arrange any giyen number of cells so as to obtain a battery of the 
greatest power possible under the giyen circumstances. I haye 
discussed this subject separately. 

(6.) Measurement of Galvanic Force. — If I desire to mea- 
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sure the strength of a ^Ivanic current, the most convenient 
method is either to notice its effect upon a magnetic needle, or the 
amount of chemical decomposition it can effect in a given time. 
It may be objected that these are means of comparison only, not 
absolute measurements ; but a moments thought will show that 
this is exactly the case with all other measurements. I measure 
time by comparing the duration of some process with some frac- 
tion of the duration of the earth's passage round the sun, or with 
the duration of one revolution of the earth on its own aadH. I 
measure the weight of any body by measuring the force with 
which the earth pulls it as compared with its attraction for other 
objects. I measure the size of anything by comparing its magni- 
tude with some other magnitude. I measure ^vanic force by 
comparison with some known result effected by that force, just as 
I measure time by some known time, or gravitation by some 
known effect of gravity. But time and gravitation? are familiarly 
known to all people — and the accepted units of measurement, such 
as a year, a day, a pound, a kilogramme, are equally well known; 
while galvanism, being not yet of general use, and where used, 
used practically without much reference to theoretical measure- 
ment, is almost unknown except in a general and vague manner. 
But it is only this want of familiarity with it that prevents the 
measurement of galvanic force from being at least as well under- 
stood as the measurement of time or weight. 

I have, then, to fix upon some definite amount of deflection of 
a magnetic needle, or of chemical decomposition, by means of a 
galvanic current, and I am in a position to measure accurately the 
force of any battery by comparing its power in producing deflec- 
tion or decomposition with the unit determined upon. 

To take first the effect of a current on a magnetic needle. It 
must be borne in mind that such a needle has a determinate posi- 
tion nearly north and south by virtue of its magnetic quality. I 
must be careful, therefore, not to attribute any result of its mag- 
netic property to galvanic force, nor vice versd. How shall I 
arrange my galvanic wire and magnetic needle so as to be able to 
distinguish clearly between the two forces ? Obviously the best 
way will be to counteract one force, so that the other only will 
have any sensible results. Obviously, also, it will not do to coun- 
teract the galvanic force, since that is the one I desire to measure. 
Have I any means, then, of so compensating the magnetic force 
as to prevent it disturbing the result obtained by the action of 
the galvanic current? which action will only take effect upon a 
needle that is magnetic, so that I must compensate, not destroy, 
its magnetism. 

An ordinary magnetic needle, when suspended freely on its 
centre of gravity, points nearly N. and S. If I put two side by 
side, each wiU, independentlv, lie in this direction. But if I fas- 
ten them together so that they are reversed — t.e., the N. of one 
to the S. end of the other — ^the two will act in contrary directions. 
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and the Teralt will be that each needle will counteract the other, 
and the compound needle will remain at rest in any position. 
Such a needle is called an aatatio needle, and possesses all llie 
magnetic virtue necessary to its deflection by a galvanic current, 
without the (for this purpose) inconvenient polar lorce of the ordi- 
naiT magnetic state. 

Such a combination of two needles, having their poles reversed, 
and fastened together, at a little distance, so that 
bolli inove togetner, is shown in fig. 114. Neither 
is moved m^netically, because their tensions 
counteract each other. But a wire through which 
a current is passing has the power of deflecting the 
compound needle. 

If, then, I place a small double needle of this 
kind near the conducting wire of a galvanic bat- 
tery, I get invariably the same amount of deflec- w- 
tion, and in the same direction, for any given 
strength of current. In fact, the amount of de- ^' 
flection measures the strength of the current. Fl^. I14. 

I let the wire stretch above a needle, and send a current through 
it The needle immediately turns with an amount of deflection 
according to the stren^h of current, so that its N. pole points 
towards the left-hand side of the wire — 1.«., to the left hand of a 
person facing in the direction of the current. Thus, if the needle 
point N. ana S. — i.e., magnetically at rest — and the current pass 
from S. to N., then the N. pole turns towards the W. But if, the 
needle stiU being N. and S., the current pass from N. to S., then 
the N. pole turns towards the K 

So that with the same needle and same wire the deflection of 
the needle may be reversed by simply reversing the direction of 
the current 

Let the current go from left to right, as in fig. 115, and let the 
needle, an ordinary magnet, as in ^ 
fi^. 116, be below. The presence ^"^"^ ^*»""*- 

of the current in the wire will at Mg. lis. 

once be shown by the motion of 
the needle, which will turn across 
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the wire, with its N pole to the left Fig. ii6. 

of the wire. 

I have supposed here an ordinary needle — not an astatic one — 
lying in its magnetically natural position nearly N. and S., and 
an ordinaiy wire passing over it 

If now I arrange the wire so that it shall pass below instead 
of above the neecue, will there be any difference of result ? I try 
the experiment, and find the effect to be precisely the opposite of 
the previous result Thus, if the current pass from S. to N., the 
neeiue points with its N. pole towards the E., while if it pass from 
N. to S., the N. pole turns to the W. 

I now double the wire, so that it passes above the needle from 
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S. to N., and then returns below the needle from N. to S. Send- 
ing a current along the wire thus doubled, I ^et a greater deflec- 
tion of the needle, the direction of which vanes with that of the 
current. If it pass from S. to N. above the needle, the result is, 
as before, a deflection of N. pole of the needle towards W. ; the 
current, then returning fromN. to S. below the needle, produces, 
as before, a deflection in the same direction. The result is the 
same as if I had placed one wire above the needle and another 
below it, and sent a current through each— one from S. to N., and 
the other from N. to S. The effect of either separately would be 
a deflection to the W., the combined result of both is a stronger 
deflection in that direction. 
If now I reverse the current, so that it pass first below from S. 

to N., and then above from N. to S., I 
get an equally strong turning of the 
needle to the E. 
By bending the wire to and fro, first 
Pig. 117. above and then below the needle, I can 

multiply the effect upon the needle by as many times as I pass 
the wire to and fro. In this way I can make the turning of the 
needle a measure of even verv weak currents. If the wire pass to 
and fro twice, I get the result of a current four times as strong, 
because it passes alon^ the needle four times ; if it pass to and 
fro twentjr times, I mmtiply the result forty times, — and so on. 

But this is using only an ordinary magnetic needle, which re- 
quires to be kept in exactly its magnetic meridian. To avoid this 
restriction I replace it by an astatic (or double) needle, as described 
above. 

The wire is bent to and fro several times, and the double needle 
placed so that one needle is within the coil and the other without 
it. The lower needle is acted upon by the wires above and the 
wires below, both tending to turn it in one direction ; the upper 
needle chiefly by the upper wires, and but little by the lower 
ones, — ^the first of these tends to turn the upper needle in accord- 
ance with the lower one. 

Both wires act on both needles, so that there are four actions, 
three of which tend to turn the compound needle in one direction, 
while the fourth (the weakest) tends to turn the upper needle in 
the other direction. The upper wires being above the lower 
needle and below the upper, a current passing along them would 
tend to turn the two needles in different directions, but the 
needles being reversed reverses this, so that the needle is acted 
on powerfully, and shows the presence of even very weak galvanic 
force. 

In fig. 118 I have shown an astatic needle, the wire folding 
to and fro, and the direction of the current. The two magnet^ 
a and &, are suspended by the thread «, and the wire o is much 
nearer the needle 6, so that its action is much more powerful 
on h than on a, because of the difference in the distances. I 
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have shown only four folds of the wire, but these are enough 
to illustrate the action. The 
current enters by the lower wire 
and passes below both needles. 
This tends to turn b one way 
(which we will call B), and a the 
other (which we will call A), 
These partially counteract eacn S ^\ jr 

other, but B is the stronger by 

of 6. 
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reason of the nearness 

The current then returns between 

the wires. This tends to turn a 

and b both in the same direction, 

B. So that the first two folds *^*' ^^*- 

tend to turn both needles in the same direction: the next two 

turns of the wire just double the effect; and any other folds 

increase it stUl more. 

The coils of wire have to be very carefully kept distinct from 
each other, so that the current cannot pass from one to the other 
except by going through the whole length of the wire. This is 
attained by carefully covering each wire with fine silk, gutta 
percha, or some other good insulating substance. If this were 
not done, the several wires lying beside each other would become, 
electrically, one conductor of greater thickness, and therefore 
better conducting power, but would not carry the current round 
and round the needle, but only once, and in this way the needle 
would cease to be a multiplier — 1.«., the needle would be deflected 
with the force derived from one current only. 

The ordinary needle, lying in the magnetic meridian, when acted 
on by a current, moves under the influence of two forces,— one the 
magnetic, that tends to keep it N. and S. — the other the galvanic, 
that tends to place it E. and W. Its final position is the resultant 
between these forces. If they be equal, it settles at 45° — i.e., halfway 
between the two positions. If the current be stronger than the mag- 
netic force, the needle is deflected more than halfway ; if less, less. 

In the case of the astatic needle, however, this magnetic force 
is got rid of ; but still, when the current is strong enough to de- 
flect the needle more than 45°, the measurement is not so accurate 
as in the case of weaker currents. When the needle is already 
deflected by a given current, any increased strength of the current 
does not act at right angles to tne needle, and therefore does not 
exert its full force upon it. A pven force moves the needle 10° ; 
twice that force will not deflect it 20°, and four times the force will 
be still farther from moving it 40°, because the greater the deflec- 
tion of the needle the greater the loss of power. This is a well- 
known law in mechanics. 

If, therefore, I wish to measure, by this method, a strong current, 
the most accurate contrivance is to counteract a great portion of 
the current by another of known strength, so that the needle is 
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deflected only by the excess of the greater current over the less. 
This produces but a small deflection of the needle, which is, as we 
have seen, an accurate measure for such small deflections. The 
strength known to be required for this deflection, added to the 
strength of the lesser' current, gives the strength of the greater 
current. In this way an astatic needle will measure strong cur- 
rents, and by itself it will measure weak ones. 

Practically, however, the astatic galvanometer is not used for 
measurement of small currents. For currents of very small 
power, another galvanometer is found preferable. 

(7.) Tangent Gkilvanonieter. — ^An ordinary magnetic needle 
is suspended freely in the centre of a copper hoop, about one foot 
or more in diameter. The hoop is |)laced so that its position 
coincides with that of the needle, which is determined by the 
magnetic meridian. The needle then points directly across the 
hoop, passing through its centre, and forming a part of a diameter. 
The copper hoop, which from its nature is a good conductor, and 
by its thickness almost a perfect one, is placed in connection 
with the poles of a battery, so that the current passes round it. 
This is really the same arrangement as the simple doubling of 
a conducting wire round a needle just describedT (p. 196), only 
that the wire is farther from the needle, and bent in a circle. 
Also the copper circle being thick offers but exceedingly small 
resistance to the current, wmch enables a more accurate measure- 
ment to be expressed by the needle than when part of the current 
is used in overcoming the resistance of a fine wire. 





ng. 119. 

In fi^. 119 m is the needle, suspended by a thread n, and sur- 
roimded by the copper hoop a, wnich terminates in the wires tf 
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by which (by meuu of Krews < 

is ooimected with the battery c 

measured. A Btand, d,ia t Buppott of the whole. Sometiinea, 

iuBtead of the wire n supportmg the needle m, it is placed m a 

■mall frame e, on the crom-piece r r, restmg on the stand d. 

In either caw there is a graduated circle, as at e, to show how fitr 

the needle is deflected from its normal position. 

The needle is acted upon by two forces, — one the magnetic, tend- 
ing to keep it motionless — the other the galvanic, tending to place 
it at right angles to the plane 'of the hoop. Between these two, 
the needle ti^es np an intermediate position, nearei to that which 
woold be the tesult of the greater force. If the force* be equal, 
the position is exacUy halhray — i. e., at 4&'' to the plane of the 
hoop. 
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If A B be the position taken by the needle, and B C the original 
pontion, then A O will repreaent the divertii^ force of the cm- 
rent, and B C the restraining force of the magnetiam of the earth. 
The angle A B C will increase with A C — i,e.,with thestrei^thof 
the onirent j and to thoae who understand the elements of trigono- 
metry, the expression "tangent of B varies with the current 
strength" conveys very accurately and briefly the theory of tJie 
tangent galvanometer. 

^e angle B becomes greatei with a greater current, but does 
not vaiy at the same rate. But the two lines A C, B always 
repreBeut aecitrai^y the comparative Btrengtha of the two currents. 
That is, to put it as a question of proportion :— 

A C : B C : : cnirent strangth : magnBtic BtieDgtb. 

. AO _ CTUTtnt attength- 
' ' B mngaetJc strength. 

But — is the tangent of the angle B, so that since k £ 

the magnetic force remains unaltered (ie., B C re- 

maJna constant), the fraction 5-g increaaes as the J 

current strength increases. Thus, not the angle B, u 

but the firaction ^^ (i-e-, tangent B) measures the 

increase of the current force. ^ ^ 

There is another tanaaU gaivawmeUr in which ^^^ 

the needle, instead of Wng in the centre of one 
hoop, is between the centres of two, placed mde by side at some 
UtUed' ' 
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A fi and C D being the two hoopB of copper, tlie needle ii 
placed in the centre, sod in deflected by the conjoined eBtaU 
of the two hoops, mimd both of vhich tlie cniient ia Bent 

(8.) The Voltameter. — The second, and for some reasons 
preferable^ method of estimating galTanic strength, is bf meaant- 
uig the amount of chemical decompoailion peiSumed in a given 

This is effected by connecting the wires of a batteir with two 
■mall plates of platinnm, or other non-ozidisable metu, which ate 
inserted in the liquid (mually water) to be decomposed. The plates 
(or electrodes) are placed slightly apart, and on passing a cnrteut 
throngh the wires, the circuit is completed bv the polarisation 
of tie water interrening between the plates. This water is de- 
composed, OS in the case of the liquid in the batte^ itself, and ia 
given off as gas, tlie oxygen at the positive plate, the hydrogen at 
Uie negative. Water is always the same, and the same ^vanic 
force will always decompose the same quantity in any given time. 
So that this method of measurement has an advanta^ over that 
by the galvanometer, in that its operation at any tmie or place 
can be compared witii the work of any other voltameter (as the 
apparatas for decomposing water and measuring the gases is called) 
at any other time and place ; while one galvanometer camiot be so 
compared with another, except it happen that the two needles 
have exactly the same magnetic strength, and keep their strengths 
unaltered— both of which are veiy improbable. 
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In fig. 122 I have shown a voltameter, consisting of a class 
vessel, e c, nearly fuU of water, in which a tube, a, quite fdl, is 
inverted. At c c two small screws, or mercury cups, receive the 
+ and - wires of the battery. At m, at the foot of the glass, 
are two platJnmn plates, very close tc^ether. These are connected 
with tiie wires at c c by flat banda of metal lying close to tiie glass. 
The current, entering at c by the + wire, descends one aide of 
the glass, crosses from oue platinum plate to the otlwr, reaches 
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e by the opposite metal, and returns to the battery by the — 
wire. The Water between the plates m is polarised and decom- 
posed by the passage of the current, and its constituent cases rise 
m the tube a, displacing the water, and the quantity ot gas pre- 
sent is shown by the graduated scale h. At fig. 121 is a view of 
the wires and platinum plates, or electrodes, as seen from above. 

(9.) Sstimation of Galvanic Force. — Force cannot be 
weighed or measured like matter ; but it is yet essent^ that 
we should be able to compare one force with another, to estimate 
the unknown by comparison with the known. This is all we do 
in our familiar measurements of time, space, or quantity, only that 
the familiarity prevents our recognition of this fact in the case 
of galvanic force, we usually measure it by the resistance neces- 
sary to overcome it In the same way we measure the weight of 
a stone by finding how many known weights wiU overcome its 
tendency to faU, or the quantity of a nquid by finding how 
many times it will fill a known measure. 

Speaking generally, any galvanic force is measured by allowing 
it to disturo some equilibriSl arrangement, and then compensating 
this disturbance by forces of whi^ we know the measurement 
This is exactly what we do when we weigh anything for the pur- 
pose of ascertaining its weight. We take a pair of scales, — 1.6., an 
" equilibrial arrangement," and by putting the thingto be weighed 
in one scale, allow it to disturb this equilibrium. We then com- 
pensate this disturbance, and restore the balance, by puttingin 
the opposite scale a sufficient number of known weights. The 
number of these we take as the measure of weight of the disturb- 
ing body. It is more important to get this principle of measure- 
ment into the mind than to understand the precise arrangement 
of any of the numerous machineries for measuring force ; because 
the principle being well grasped, there will be no difficulty in 
seeing the purpose and method of any given instrument ; whHe 
the instruments themselves are constantly assuming new and dif- 
ferent forms, though the principles are unaltered. 

(A.) The Rheostat is an instrument of this kind, though its 
utility is less as a measurer of electric force than as a measure of 
resistance to that force — i, e., of measuring the resistance of any 
given length of wire, or any other conducting body, and which 
may afterwards be used as a measure of force. Thus, to measure 
the resistance of a body is to measure the force necessary to over- 
come that resistance. I have a mile of copper wire, and I wish 
to know what force wiU send a current through its whole length. 
I do this by ascertaining what resistance the wire interposes to 
the passage of a current 

I take a cylinder of well -baked wood and wind on it a fine 
wire, cutting for the wire a groove in the wood, so that no two 
coils are in contact. By this means it is secured that a cur- 
rent entering at one end of the wire must pass throughout its 
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whole length, smce the wood is a non-conductor. If a pipe were 
wound loand a column, any water poured in at one eoSi could 
only reach the other by passing through the whole length of tiie 
pipe, round and round the column. So a current has to pass 
roimd and round the cylinder of wood, along the whole lengtn of 
the wire. I place beside this wooden non-conducting c^inder a 
conducting cylinder of brass, and after winding the wire round 
the whole length of the wooden cylinder I fasten the end of it to 
the brass cylinder. Both the cylinders are made to revolve by 
means of a small handle, and as I turn the brass one in one dii^> 
tion I wind the wire on to it and off the wooden cylinder. This 
I can do to any extent I please. I can wind the wire either all 
on the wood, all on the brass, or partly on each. I attach one 
end of each cylinder to a battery, so tliat the current aJiall pass 
round and round the wooden cylinder by means of the wire^ tiien 
along the wire to the brass cylinder, down which (it being a con- 
ductor) it passes back to the battery. In this way the portion of 
the wire on the brass cylinder is removed from the action of the 
current, which traverses only that part of it which is wound on 
the wooden cylinder. 
The construction of a rheostat is shown in fig. 123, where a is 

the wooden, and c the brass cylin- 
der, s the graduated bar between, 
crossed by the wire. The handle o 
turns botn cylinders. The current 
enters by the + wire, traverses the 
" wire on the wooden cylinder, 
crosses by the wire to the brass, 
Fig. 128. and then, preferring the broad brass 

conductor to the mie wire one, re- 
turns to the —wire, by which it leaves. 

The whole wire being on the wooden cylinder, I attach the 
wires of a battery to the rheostat, placing also a galvanometer in 
the circuit The needle is of course deflected by tiie current; the 
amount of deflection I notice. I now take any substance whose 
resisting power I wish to measure, say a coil of wire. This I 
insert in the circuit so that the current has to traverse its whole 
length. This I do by breaking the circuit, and attaching the 
ends so made, one to each end of the coH, taking care to keep the 
coils from contact. The coil thus introduced necessarily weakesDB 
the force of the current on the galvanometer, and the needle returns 
towards zero. I now unwind part of the rheostat coil off the 
wooden cylinder, by winding it on to the brass one, and in this 
way remove part of it from the action of the current As I thus 
reduce the resistance, the galvanometer needle gradually returns 
to its original position. When it stands where it stood before I 
inserted uie cou, whose resistance I desire to measure, I note the 
len^h of the wire I have wound on to the brass cylinder. The 
resistance of this length is exactly equal to the resistance of the 
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introduced coiL If all rheostats were alike in size, arrangement, 
and detail, the number of turns of the cylinder would be a recog- 
idsed and easily-understood measure. But in practice they are 
not so, and many attempts have been made to devise some satis- 
j&ictory unit of electrical force. 

But by means of any rheostat we have a ready and accurate 
means of comparing the resistances of any number of substances. 
Thus, if I insert successively three coils of wire in the circuit, 
and find that the number of turns of the rheostat is, respectively, 
9, 18, and 27, then I say that the force required to overcome the 
resistance of these coils is, in the first case, 1 ; in the second, 2 ; 
and in the third, 3. What the 1 expresses I know not ; but what- 
ever it be, the second coil ofiers twice, and the third thrice, the 
resistance expressed by it. In this way the rheostat enables us 
to compare the resistances offered by any number of conducting 
bodies. 

(B.) WheaUtonis Bridge, — ^Another contrivance is somewhat 
similar, and is called Wheatstone's bridge. A wire is arranged 
on a board in the shape 
of a diamond, ACBI). 
A current enters at A 
and passes out at B, 
when these points are 
connected with the 
positive and n^ative 
poles of a battery. 
Prom C and D wires 
lead to a galvanometer, ^«* ^24. 

which may be placed anywhere else as well as between and 
D. The current entering at A passes half along AC and half 
alonff AD. At C and D these weakened currents are again 
divided, parts passing along C B and D B to the negative pole, 
and ^arts through C D B and D C B to B, and thence to the 
negative pole. Only these latter parts have effect on the galvan- 
ometer ; and these being equal and opposite, neutralise each other, 
and the needle remains at zero. Tnus one single current, by 
beinff subdivided, passes through the galvanometer without deflect- 
ing tne needle. 

I now use the bridge in much the same way as the rheostat ; I 
break the circuit at some point, say M, between the point where 
the current enters and the galvanometer — t.e., some point in A C 
or A D. In the opening thus made I insert the coil of wire 
whose resistance I desire to measure. The current passing through 
AMD to the galvanometer meets with more resistance (because 
of the interpos^ wire) than the portion passing through A C, and 
the needle is consequently deflected by the preponderance of the 
force that meets witn the least resistance. By interposing in this 
second, and hitherto unbroken, part of the current, some wire 
whose resisting power I know, mcreasing the quantity until I 
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bring the needle again to zero, I am able to estimate the resistance 
of the wire to be measured. Or I can place a rheostat at N. 

Thus, as before, I can compare the resistances of any number of 
substances, and can compare each with the substance I use as a 
standard. But here again, as in the rheostat, I have no generally 
accepted standard of resistance. It would seem very easy to set 
up such a standard, but the difficulties are numerous, and of a 
character not easily removable. 

(10.) Unit of Besistanoe. — It would seem easy enough to 
take a length of copper wire, say a mile, of uniform thickness, 
and having tested its resisting power, fix that as a standard of 
resistance. But it is found that no two equal lengths of wire give 
the same amount of resistance, probably from the differences of 
atomic arrangement. Twisting a wire will increase its resisting 
power, by altering the arrangement of its molecules, some being 
more crowded ana others less so than before. This being under- 
stood, it will be easy to perceive the difficulty of finding two long 
lengths of wire that shall be alike in all the points affecting the 
resisting power to an electric current For instance, it would 
manifestly be impossible to find a mile of copper wire, of any 
thickness, having no twist in it. Secondly, there is the difficulty 
of ascertaining that the wire is copper, and nothing but copper. 
No two subst£mces have exactly the same resisting power, so that 
any admixture of another substance with the copper would affect 
it, and to get any substance chemically pure — i, e., absolutely free 
from any admixture — is exceedingly dSmcult. 

But supposing all these difficulties to be overcome — as they may 
be, for instance, by taking the average of a great number of ex- 
periments, or by other methods— and that we have an approxi- 
mately correct measure of the resistance of a mile of copper wire 
of ^ven thickness. Whenever we express by this standard the 
resisting power of anv particular lengtn of copper wire, that has 
not been actually tried, we have no means of deciding that it may 
not be as much above or below the average as the highest or 
lowest of our results from which we obtained the average. 

Other measurements than those of wire have been tried, in 
order to get rid of the special difficulties presented hj their use. 
Thin wires are so much more liable to suffer by slight injury 
than thick ones, and thick ones require to be longer oecause of 
their greater conducting power, and therefore less resisting power. 
Also, the repeated passage of currents through tends to heat tiiem, 
especially if thin, and so to alter their structure. 

One method tried has been the use of a column of mercury. 
This removes the difficulties peculiar to a solid wire, but has 
others peculiar to a liquid, besides being, like the wire, liable to 
admixture. 

To avoid all these difficulties, arising from the imperfections or 
nature of the materials used, it has been suggested to use an ab- 
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solute measurement as a tmit of resistance, and to refer all others 
to it. This was done by taking a definite velocity as the staadard, 
and measuring all actual velocities by it as a unit. Tlius the 
velocity of 10,000,000 metres per second is assumed to be such a 
unit, and therefore called 1. 

(11.) Secondary Current. — ^We saw (p. 156) that an electri- 
fied rod of glass held near an electroscope affected it without any 
loss of its own power, or any transfer of matter ; also Qj. 197) we 
saw that an electric wire and a magnet affected each other. Is 
there any such influence between two wires, one being electri- 
fied and the other not 1 Or, to word the question in another way, 
can galvanic force induce galvanic force ? By induction is not 
meant transfer; to induce a current is not to impart a portion of 
an already existing current to a neutral wire, but to call forth 
another such current in the wire itsell Just as, to use a moral 
parallel, an angry man induces anger in others without losing any 
of his own, and very frequently with even a reverse inductive 
effect, each current of anger increasing the other without being 
itself diminished. This parallel between electricity and morals 
might be pushed fiirther than at first sight appears reasonable. 
It would not be impossible to set up a theory oi electrical force 
being the moral force of physics. 

If a magnet were not a magnet, its motion when near a galvan- 
ised wire would be an answer to the question ; but its motion is 
due to its magnetisation, not to a purely galvanic force called 
.forth by another force of the same kind. 

To find whether such induction does ordinarily occur in gal- 
vanism, I place two wires side by side, but not in contact,— one 
being in connection with a battery, so that I know when a current 
passes through it — and the other in connection with a galvanometer, 
which will tell me if any ^vanic effect be produced on the second 
wire when the first is excited. 

Accordingly, I send a current through one of the wires, and I 
find that during the existence of the current the galvanometer 
shows no signs of any such current. But at the instant I send 
the current through, and also at the instant I destroy it by break- 
ing the circuit, I perceive a movement of the needle of the gjalvan- 
ometer. However frequently I make and break the circuit, and 
so send or interrupt the current, just so frequently I deflect the 
needle flrst to the right hand and then to the left 

So that it would appear that though the presence of a current 
in one wire has not force to induce a secondary current in another, 
yet there is sufficient force in the change that takes place when a 
wire is first electrified, and when it is allowed to return to its 
normal state, to affect another wire. 

To exhibit this phenomenon to advantage, and to utilise the 
force thus foimd to exist, it is necessary to have some means of 
making and breaking the current very frequently. This is done 
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by many expedients, the most effective of which is to combine the 
forces 01 electricity and magnetism, so as to induce one by the other. 

Thus it is found that the insertion of a magnet within a coil of 
wire is sufficient to send a current of electricity through it It Ib 
also found that one wire acts most efficiently upon a second, when 
they are each arranged in a coil, and one coil placed within the 
other. Thus I place a magnet within one coil of wife : this sends 
a current through it ; and this primary current induces a second* 
ary current in a second coH, if one be placed round the first coiL 

Precisely the same effect would occur if, instead of inserting a 
magnet in the primary coil, I used an ordinary galvanic batt^ 
for the purpose of passing a current through it. That is, I have 
two coih of wire, A and B, one within the other. I send a cur- 
rent through the inner coil A, either from a galvanic battery, or 
by inserting a magnet within it. In either case the primary cur- 
rent in coil A induces a secondary current in coil B. 

One advantage of using a magnet is the greater quickness in 
obtaining the desired resuft, and the greater simplici^ in the use 
of a magnet over the preparation and arrangement of a galvanic 
battery. But the magnet must be inserted and wimdrawn 
rapidly and regularly, and for this some mechanical contrivance 
is necessary. 

Since the secondary current is but momentary in its existence, 
and can only be excited by either making or breaking the galvanic 
circuit, or inserting or withdrawing the magnet, it is necessary to 
provide some means for alternately makingand breakingthe circuit, 
or inserting and withdrawing the magnet with both regularity and 
rapidity. In the case of the magnet, this same effect maybe best 
produced, not by moving the magnet to and fro, but by using a 
oar of soft iron, which is alternately magnetised and demagnetised 
by means of electricity. So that we first use chemical affinity to 
produce a ealvanic current, then this current to induce magnet- 
ism, then this magnetism to break the galvanic current, and then 
the primary current to induce a secondary current It might 
also oe objected that we first use a magnet to save using a battery, 
and then use a battery to excite the magnet. But it is essential 
that force should be excited : it cannot be created. And to excite 
this force we must either use a permanent magnet or a galvanic 
battery, whichever may be more convenient for the special case 
we have in hand. 

In one of the most coromon forms of the inductuyn-coUj the 
primary helix of wire is electrified by means of a galvanic battery 
of about four elements. This primary current both excites a se- 
condary current in an outer helix, and also magnetises a bar of 
soft iron inserted within the primary coil. The magnet (i.«., the 
magnetised soft iron) at once draws aside by its attraction a mov- 
able portion of the primary coil, so as to break the circuit. In- 
stantly the current ceases, and in ceasing again excites a second- 
ary current, while the soft iron bar loses its magnetic power. The 
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portion of the wire it hud drawn aaide immediately retnnu to ita 
plac«, &nd the primATj current is at once re-established, again in- 
dacing B secondaiy curreitt in the oater coil, and agus mapiBtiB- 
ing the bar of soft iron. This again breaks the circuit, ana again 
a secouduj current is eicited. 

The cmrent is here excited by the battery, and is continuall; 
being broken hy the suicidal power of the magnet. Each time 
the current is made or broken, a aecondary cnirent ia induced in 
the outer coil ; and the whole object of the primary current, the 
maonetiBation of the soft iron bar, and the continua] interruption 
of uie current hj ita agency, is to establish a rapid succession of 
these secondary currents, which ore eicited whenever the pri- 
mary cnrrent commences or ceases, but do not exist during its 
contmuance. 

An ordinary induction-coil is shown in flc. 186. The stand a a 
smports an electro-magnet M, auirounded by the primary coil 
P P, and the second- 
ary coQ S a. Theae 




fig. 126, and endwise 
Eromaboveinfig. 12S. 
The magnet passes 
through the stand a, 
beneath which is a 
lever e moving on the 
axis d, with ita heavy , . 
end resting on the i^l"*"' 
small anvil b. The \ 
current of the pri- 
mary coil enters at the 
bottom by the + wire, 
passes through d c and 
into the coil P. 
After travereins the 
whole length oi this 

it returns to the bat- „ 

tery by the - wire "»■ "*■ 

shown m the figure at the top. The secondsjy coil S S has also 
a -(- wire and a — wire, which are almost in contact When the 
machine is inactive, the hammer c ia resting on the anvil b. A. 
current from a battery is sent through deb and F. The soft 
iron bar M instantly becomes a macnet, and by its action draws 
the iron lever c away from b. This breaks the current ; the bar 
M ceases to be a magnet ; the lever c falls by its weight upon b. 
The current has been mode and broken once. The whole appar- 
atus is as it was. But the whole is instantly repeated, because 
the contact of e with b of^in completes the circuit, and M is 
again magnetised, again mta c, and so again breaks the circuit, 
&C. This continues so long as the connection with the battery 
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exists. The apparatus is here shown as vertical, but it is as often 
arranged horizontally. Also the magnet need not be in the coil 
itsell An ordinary commutator, worked by an electro-magnet, 
might easily be arranged at any point in the cireuit. 

• Tertiary Currents, (kc. — ^A secondary current is as truly a 
current as a primary one while it exists, and therefore has the 
power of itself inducing other currents. The current excited by 
a secondary current is naturally called a tertiary current This 
tertiary current will also have the power of indticing a fourth or 
quaternary current. These successive currents naturally decrease 
in power, and each is always the reverse of the one preceding it. 
Thus we have (if there be a series of successive and insulated 
coils) — 

The primary current, . . . direct. 

The secondary „ . • . inverse. 

The tertiary #> . . . direct 

The quaternary „ . . . inverse. 

When I break the prioiary current I get — 

The secondary current, . . direct. 

The tertiary „ . . . inverse. 

The quaternary „ . . . direct. 

Gulvaxiio Apparatus. — So much of this has necessarily been 
described in the text that it is needless to repeat the description 
here. Reference to each piece of apparatus will be found in the 
index at the end. 
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SUMMAEY. 

Some metals, such as potassium and zinc, have so great an af- 
finity for oxygen that they will decompose water when in con- 
tact with it, and combine with the oxygen so set free. Just as 
friction produces electricity, so does this decomposition of water 
by oxidisable substance. The electricity so produced is called 
SpBlvanio or voltaio eleotrioity. Page 177. 

Therefore galvanism is said to be a ohemioal effeot. 

Page 180. 

To utilise the galvanic force it is necessary to have an arrange- 
ment called a galvanio battery, consisting essentially of two 
substances, one more oxidisable than the other, and a liquid to 
be decomposed by the oxidisable substance. Page 181. 

The effeots of galvanism are, chemical decomposition ; deflec- 
tion of magnetic needles ; development of heat and light 

Page 184. 

In estimating the strength of a galvanic current, three things 

have to be considered : the intensity of the chemical action 

within the battery, usually expressed by E ; the amount of force 

expended in decomposing the lic^uid in the battery, called R ; 

and the work to be done in sending the force through the wires 

outside the battery, called r. Page 190. 

E 
The strength of a battery is expressed by Ohm thus, I = -tt" 

meaning that the intensity of the force in the wires varies 
directly with the chemical action, but inversely with the work in 
the battery and in the wires. This is called Ohm's ILaiTV. 

Page 193. 

GkJvanic force may be measured by the amount of deflection 
of a magnetic needle. Page 194. 

The needle most used for this purpose is a double one, called 
an astatic needle. Pa^e 195. 

Another variety of the same method of measurement is by the 
tangent galvanometer. Page 198. 

But the galvanic force may also be measured by the amount of 
chemical decomposition that can be effected by it. The apparatus 
used for this is called a voltameter. Page 200. 

It is also necessary to measure the resistance of any given body 
to the passage of electricity through it. The apparatus used for 
this is called the rheostat. Page 201. 
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Another apparatuB for the same purpose is called Wheat — 
stone's brid^ Page 203. 

A current passing through one wire excites a similar current; 
in another wire near it, at the moment the current be^ns 07 
ceases, but not during its continuance. A current so excited is 
called a secondary current. Page 205. 

The apparatus for utilising these secondary currents is called 
an induction-coiL Page 207. 



TELEGEAPHY, 



CONSIDERED AS A PRACTICAL APPLICATION 

OF GALVANISM. 



(12.) Qeneral Frinoiples. — We have seen (p. 195) that a 
magnetic needle of smaU size is deflected by a galvanic current 
passing through a wire near it ; also, that a current may be in- 
terrupted and restored many times even in a second. These re- 
sults are quite independent of the length of the wire, or the 
distance of the needle from the battery which is the source of 
the power, excepting that the power of the current decreases with 
the length of the wire. 

Since, then, we can move a needle at any distance from the 
battery, provided that a wire pass from the battery through the 
whole intervening distance, there are only the practical difficulties 
in the way of establishing any preconcerted scneme of signals by 
which a person near the battery may communicate with, and re- 
ceive communications from, a person near the needle ; or, to speak 
more generally, by which any two persons at any two points in a 
galvanic circuit may exchange signals, provided that each has the 
means of breaking and remaking the current at will, so that he 
can transmit signals ; and has near him a needle, so that he can 
receive them. The longest tele^ph system may be reduced to 
this, in its essential elementary lorm, that it consists of a battery 
to excite the current, a wire to convey it, a means of interrupting 
and restoring it at will, and a magnetic needle to indicate its pre- 
sence. All kinds of appliances are used to render the working 
more complete and expressive, but these are all only modifications 
of the outline arrangement, — battery, wire, needle, and commuta- 
tor. This last word, commutator, is the name given to a small 
machine which enables me, by the movement to or fro of a small 
handle, to break or restore the completeness of the circuit. 

(A.) JBattery, -^The battery, or source of power, may be any 
one of those a&eady described, and the current that transmits the 
signals may be either primary or secondary — i,e,, it may be either 
the current excited by the battery, or one induced by that current 
in a second wire. One form of battery much in use is composed 
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of zinc and copper elements, moistened with very .dilnte snlphnric 
acid. Long suomarine telegraphs are usually worked by second- 
ary currents. 

(B.) Wire, — The communicating wire is sometimes of copper, 
as being a good conductor, sometimes of iron, as being much 
cheaper. If iron be used, it must be galvanised — i. e., coated 
with zinc to prevent it rusting ; also the wire must be thicker 
than if of copper, because of its less conducting power. Especial 
care must be taken to prevent contact with any other conducting 
substance, which woula divert the current from its proper route. 
For this purpose the wire is usually raised from the ground that 
it may be clear of contact, and supported upon poles. To prevent 
these poles themselves serving as conductors, the wire passes 
through small glass or porcelain tubes, which are attached to the 
posts to carry it. If, however, the wire pass under water or 
through the earth, this means of support is impossible. To guard, 
in this case, against contact with conducting matter, it is usual to 
encase the wire completely in some non-conducting material, such 
as gutta percha. Three or four wires are each covered with gutta- 
percha or yam, and then the whole enclosed in a thicker casing, 
sometimes bound round for protection against injury with stout 
iron wire. But whatever be the structure, the inner wires alone 
are the conductor of the current ; all the other parts are merely 
for their protection from injury, and to prevent the dissipation of 
the electric force. 

(C.) Signals. — The ways in which the current may be made to 
indicate its presence are almost endless in number. A needle 
may be deflected to the right or to the left ; a bell may be rung ; 
marks of any length and in any number may be made on paper ; 
or any combination of these and other signs may be used. 

But in every case, a current passing along a wire is the cause of 
the indication. Let it be ^^ed that a deflection of a needle to 
the right shall express the letter A ; a deflection to the left, the 
letter B ; two to the right, C ; two to the left, D ; one each way, 
the letter E, and so on. I need not take the letters in the order 
of the alphabet, but take those most used, as the letters E, C, S, 
&c., to be expressed by the simplest signs. These signs being 
agreed to, I can express them by deflecting the needle to the right 
or left at pleasure. How can I do this? We have seen (v. 
196), that a current in one direction deflects the needle to the 
right, and a current the reverse way deflects it to the left. I have 
only, therefore, to send a current past the needle, first in one di- 
rection, then in the other, and the needle is moved first one way 
and then the other. But can I do this with one wire ? The wire 
itself will convey the current either way, but how shall I arrange 
it so that it shall convey it in both directions ? 

Let a wire, i^, be stretched from the point A to a distant point 
P, and then, in a parallel line, back to B, which is close besiae A 
Also a battery, in working order, with i^ort wires a and 6. The 
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cnrrent passes, when these points are connected, from a the posi- 
tive pole to h tiie negative. If now I connect a with A and 6 
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with B, I do join these poles, by means of the long double wire, 
and the current passes irom a through A to P, and back through 
B and b to the battery. But if I, instead of this arrangement, join 
a to B, or 6 to A (which I can easily do by turning the handle 
the reverse way), the current passes from a through B to P, back 
to A, and through b to the battery again. So that I can send a 
current through the long wire A P B in either direction at wilL 

K now there be any number of small magnetic needles near 
this wire, they will be affected by the passing current, turning to 
the right or left according to its direction. And if, instead of 
placing the needles near the wire, I place them actually within 
the circuit, by using galvanometers (in which the wire carrying 
the current is coiled several times roimd the needle), the deflec- 
tion is more decided,, and therefore more appreciable. 




Let A, B, C be three telegraphic stations in a galvanic circuit. 
Each will be provided with a battery, a galvanometer, and a 
means of rapidly breaking and remaking the circuit, and of con- 
necting, at will, any of the points a, 6, c, d, with each other. If 
A desire to send a message to B, what is required is to take the 
whole circuit of wire as belonging to the battery A, so that a cur- 
rent passing from a (the positive pole), shall pass through the cir- 
cuit, and return to 6 (the negative pole). This is done by con- 
necting a with c and b with a, in which case the current passes 
in the direction A C B ; or it may be done by connecting a with 
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d and 5 with c, in which case the cturent will pass in the direc- 
tion ABC. Or, thirdly, I may send the current first one way 
and then the other, by joining first a with c and h with c?, and 
then a with d, and then 6 with c. 

While A is thus using the whole wire as belonging to his battery, 
what will be the relative positions of B and C? B is to receive 
the message, therefore his galvanometer must be within the range 
of the wire, but his battery will not be required. Therefore he 
will join c and c?, so as to complete the circuit which will pass 
through the galvanometer, and let a and 6 be both clear of con- 
tact. 

While A is thus communicating with B, what is C's relation 
to either or both ? He sends nothing, therefore he does not want 
his battery ; he has nothing to receive, therefore his galvanometer 
is not needed. Therefore he disconnects both, and is quite neu- 
tral to both A and B. 

There may be any number of stations on a given circuit, but 
only one message can be sent at a time. One station can send 
the %amt message, at the same time, to every station on the line, 
and frequently does so. Thus, let there be any number of sta- 
tions, A, B> C, D, E, F, &c. (each provided with a battery and a 
galvanometer), on the same circuit. Any one can communicate 
with any other, and all are prepared to either send or receive a 
message — i.e., all the galvanometers and batteries are in readiness 
to be connected, or are connected. Any one, say C, has a mes- 
sage to send to F. He connects his battery, and sends a current 
throughout the whole circuit This gives some signal, usually 
the ringing of a bell, at every station, and thus it is announced 
generally throughout the circuit that a message is about to be 
sent. By preconcerted signals it is also announced from whence 
it comes, and for which particular station it is intended. The 
attendant at F, the station to which the message is to be sent, 
makes such arrangements as may be necessary to send the current 
through his galvanometer, so that the deflections of its needle may 
deliver the message. At the intermediate stations, nothing has to 
be done, except that if the galvanometers be within the circuit they 
may be disconnected, so as to prevent the useless dissipation of 
force in acting upon them. If F desire to reply to the message, 
he must connect his battery with the wire, while C prepares to 
receive the message, the intermediate stations still remaining 
inactive. 

But how is the bell rung which serves to call the attention of 
the stations ? It will be noticed that the signals by which mes- 
sages are communicated depend upon the power the galvanic 
current possesses of deflecting magnetised needles. Another set 
of results, of which the ringing of bells is one, depends upon 
another power of a current, that of magnetising soft iron. Let 
it be desired that a bell should be rung as a si^al that a current 
i» passing through the telegraphic circuit. Place an ordinazy 
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small gong at the given place, and let the hammer be held back 
by a small catch, placing near the catch a bar of soft iron, so that 
if the soft iron were a magnet it would draw the catch aside, letting 
the hammer fall on the bell. 

Now, if the wire carrying the current pass several times round 
the bar of soft iron, it will, whenever a current passes through it, 
be converted into a magnet. This magnet will mstantly exert its 
newly-acquired force upon the catch restraining the hammer, and 
draw it aside. The hanmier will fall and sound the bell. In this 
way a current passing through the wire at once announces its 
presence in a manner that calls attention by appealing to the 
sense of hearing, and so requiring less persistent attention than if 
the only signal were the movement of the needle, which, appealing 
only to the eye, would require continual watching for. 

Thus, speaking generally, each station on an electric circuit 
requires a battery to send the current, a magnetic needle (or 
^Tvanometer) to express the signals, and a bell to call attention. 
These three instruments represent the three main discoveries of 
galvanic science: the development of a current, represented by 
the battery ; the action of a current on a magnetised needle, 
representea by the deflections of the galvanometer; and the 
magnetic influence of a current on soft iron, represented by the 
machinery for ringing the bell. 

Just as an ordinary highway is open to all passengers, each 
entering and leaving at any point, so the wire of a galvanic 
telegraph may be considered, as the highroad, which each mes- 
sage enters and leaves at any point ; but it is a road only wide 
enough for one passenger at a time. 

The person sending the message requires to have the battery 
under his control, since it is necessary to reverse the direction of 
the current ; therefore every station must have a battery to which 
the wires can be affixed. The person receiving the message re- 

auires to know in what direction the current passes, and when 
le direction is changed, and how many times the current is sent 
and discontinued. For this purpose he requires a galvanometer, 
which teUs the presence of a current by its deflection, its direc- 
tion by the manner of its deflection, and its cessation by returning 
to rest. 

But the telegraphic systems do not in practice consist of a 
circle of stations, but of a line, such as from London to Liverpool, 
with other stations between. How, in this case, is the circuit to 
be established, since it seems essential that the current leaving 
the positive pole of the battery should return to it by the nega- 
tive pole. There is one wire passes direct from one end to the 
other, and may then be turned round and brought back. There 
is no need for the "wdre to be arranged in a circle, or any definite 
form'; all that is required is that there shall be a continuous con- 
ducting wire from the positive to the negative pole. It may be 
turned to and fro, pass round galvanometer needles again and 
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again, be coiled roimd soft iron bars (to magnetise tbem), or be 
taken in any direction ; so long as there is no interruption of the 
wire between the two poles, the current will pass through all its 
windings and turnings. 

But, practicaUy, the method of comjjleting the circuit is very 
different indeed rrom this. Only one wire passes from terminus to 
terminus, as in the submarine cables, and each end is connected 
tffith tlie earthy either by being fastened to some metallic pipes, 
such as gas or water pipes, or by being fastened to a copper plate 
of large size. It is found in practice that the current passes as 
readily along the single wire thus terminating in connection with 
the earth, as along the double wire. The usual explanation of 
this phenomenon is, that the earth itself is the continuation of 
the conducting substance. It is a bad conductor, but thick wires 
of bad conductors may have a power of conveyance equal to thin 
ones of good conductors. This is why the large plates of copper 
are fastened to the ends and buried in the eartn, so that there may 
be a thick wire of earth terminating at each end in a copper plate, 
and so forming with the metallic wire a continuous circuit. 

The parallel of this to the plates of a battery — i.e., the zinc and 
copper plates that form the elements of the battery — will at once 
suggest itself. Just as the liquid in which they are immersed 
forms a continuation of the conductors, and carries the current, 
by means, as it were, of a wire of water, depending for its thickness 
upon the size of the plates ; so the earth reaching from one of the 
buried plates to the other, forms a thick wire of earth, that makes 
up for trie low conducting power of its nature by its great thick- 
ness as compared with that of the metallic wires, this thickness 
depending upon the size of the buried plates. 

it is possible to conceive, however, tnat the earth does not act 
precisely in this way, but that it may act rather as a general 
reservoir of electricity. Thus, I pour in a pailful of water on one 
side of a pond, and another person takes out a pailful on the 
other side. I mav be said to have passed a pail of water over to 
him, and practicalljr I have. Again, I pay ten pounds into a bank 
in London, and it is drawn out m Dublin or Paris. PracticaJly, 
I have sent ten pounds to Dublin or Paris, but not actually. 

May it not be that, in the same way, the earth acts as a general 
reservoir of electricity ? It does so in frictional electricity. This 
is one argument: and another, negative, argument is, that in 
the case of the plates of a galvanic battery, the liquid intervening 
is polarised, decomposed, and recomposed ; but it is not certain 
that this is done in the case of the earth. Also, the distance 
between the plates is very small in one case, and there is no 
other body present ; while, in the earth circuit, the distance 
between the plates may be hundreds of miles, and all kinds of 
breaks and interposed matter may occur. Still, it is the usually 
accepted theory that the earth does complete the circuit, making 
up for its lower power by its great bulk. 
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(13.) Various ^^ethods of Telegraphy. — ^Assuming that 
we have now a correct, though only elementary, outline of the 
principles upon which the system of telegraphy is founded, it 
may be well to give attention to some of the special methods of 
operation. It is desirable, also, to notice if any special condi- 
tions are introduced by the great length of the conducting wires; 
and if so, what means are employed to subdue any difficulties thus 
created. 

First, as to some of the special methods (1) of exciting the 
electric current. I have spoken of it as being usualljr a voltaic 
current, generated by the chemical action of a voltaic battery. 
But the motive power of a telegraphic system is very frequently 
derived from the action of permanent magnets upon conaucting 
substances brought near them. If I cause a copper disc to rotate 
swiftly between the poles of a horse-shoe magnet, I electrify it, 
and if wires lead from this disc, a current will pass through them. 
This mode of exciting electricity is described more fully under the 
head of magneto-electricity. 

Also, great use is made of secondary currents — 1.«., currents 
excited in one wire by its proximity to another (p. 205). 

Here the primary exciting force is derived from a galvanic 
battery. 

So that we may say that there are in use three methods of send- 
ing a current through a telegraphic wire : — 

(A.) A primary current, (ferived directly from a battery. 

(B. j A secondary current, derived from a primary as above. 

(C; A primary current excited by magneto-electricity. 

The specialty of the first is simplicity ; of the second, strength ; 
of the third, persistency. The first is simple, requiring only a 
few plates of metal, a liquid, and a wire, but it is not so strong as 
the second, nor so persistent as the last. The second is stronger, 
because the number of coils can be increased at pleasure. In both 
these cases the battery has to be renewed at intervals. The third 
is more persistent ; there is no battery to be renewed ; the exci- 
tation is mechanical, not chemical. 

(14.) Various Methods of Signalling. — Next as to the spe- 
cial modes of reversing the direction of the current, and of making 
and breaking it with rapidity as well as certainty. We have seen 
(p. 213) that what is wanted is a ready method of connecting 
either of two wires to the positive pole, and the other to the 
negative pole. 

Now, let the two wires a and h be the wires of the battery, and 
c and d the two lines of the telegraph wire. Then what is wanted 
is to have an easy and rapid method of connecting a with either 
e or d, and b with either d or c. This might be done by simply 
holding the wires a and b in the right and left hands, and moving 
them in whatever way was required, for simple contact is 8JLL1\n»X. 
is necessary. But, in addition to the comiecliOTv. oi >i)£i^ \i^\j£r3 
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tf) tli(^ I'iK^i^f ^ ^^1^1^ ^^^^ plate also in the same direction, and the wire 
nitd plain <f coniUH into contact with 6, so that the line d is con- 
noct«(l with h (imd therefore with the battery), but the connection 

between e and c is broken. But I 

want the line c to be connected with 

a, and so with the battery, so that 

the current can still pass £rom c and 

dy but through the battery. This is 

effected by means of another wire 

crossing tne plate and terminating 

in plates so placed that when e is 

moved to h they connect a and c, 

and the current passes in the direc- 

tion a — c — wire — d — 6. The conneo- 

"* ^*^' tion between c and d is now throng 

tl^ \>«ttm\ wul not across the nlate. 

If 1 lurn y\\t plate to the left, the point t comes into contact with 
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a, and connects d with a (instead of with h as before), and again 
the connection with c is broken. But I want to connect it 
now with b (instead of with a as before), and this is done by a 
third wire crossing the plate and terminating in small plates so 
placed that when « is in contact with a they connect 6 with c, 
and so again complete the connection of c with d through the bat- 
tery, but in the reverse way — i. «., the current now passes in the 
direction a — d — wire — c — 6. By "wire" I mean the whole length 
of wire between the two stations. 

So that with this instrument I have only to turn the handle to 
the right or left to send a current to the left or right. By turn- 
ing it first to the right and then to the left, I send two currents, 
one to the left and then one to the right. The exact distance the 
plate has to turn is marked by stops, that prevent it moving too 
tar. 

Fig. 129 shows the complete arrangementwhen at rest. The plate 
at d is longer than the other, so that whether the plate be turned 
to the right or left, it is still in connection with the wire d. A 
turn to the right connects d and ft, and also a with c. One to the 
left connects d with a, and also b with c. When at rest d and c 
are connected, and a and b are both insulated. 

Another method, precisely the same in principle, but even 
simpler and easier of comprehension, is to use a small rod of non- 
conducting material, terminating in metallic plates, to each of 
which one of the battery wires is fastened. 

In fig. 132 the wires c and d are shown, terminating in stout iron 
springs, and connected by the cross-piece at the end of a non- 
conducting rod to which a and b are fastened. The rod is connected 
with both c and d, but b is connected with neither (since the rod 
a 6 is non-conducting), so that the current passes from c to c^ or 
from d to c, and not through the battery. 






Fig. 182. 
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Now, let the rod, working upon a pivot in its centre, be turned 
by a small handle, just as the circular plate was. Fig. 133 shows 
UB this position. Let it be turned to the right ; one end of the 
rod is in contact with c only, the other with a only. Consequently 
the current passes from a to c, and returns from a to 6, the cQrec- 
tion being a— c-wire—c^-^. 
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Tum the rod to the left : a is connected with dj and h with c, 
and the corrent passes in the direction a — d — wiie-—^ — 6. These 
connections can be made, broken, or reTeised at will, and with 
great ease and rapiditj. 

{15.) Various Signals. — ^Besides the yariety of methods of 
inducing a current, and of making the necessary signals, there is 
great variety in the signals themselves. The deflections of a mag- 
netic needle are certain, easy to understand, and readily caused, 
but the signals so made are in no degree permanent^ Another 
system of signals are in use that are permanent To effect this, 
we use not the deflection of a ipagnet by the current, but the mag- 
netisation of soft iron bars, by means oi coils of wire surrounding 
theuL This simplifies the sending apparatus, for all that is neces- 
sary is to send a current, either positive or ne^tive, the signals 
depending for their meaning not upon the direction of the Current, 
but upon the time of its continuance, and the number of times it 
is sent. 

The line a of the battery and the line c of the circuit are brought 
nearly together, but separated hj the interval a c of non-conduct- 
ing materiaL The pivot d, the 
key m, and the stud c, however, 
complete the circuit when the key 
is pressed down, so that e and c 
are in contact ; but when no pres- 
sure is on the key m, the spring 
keeps it up, so that the circuit is 
broken hy the interval between e 
^^^- ^^^- and c. When I want to send a 

current I press the key m down ^ust as if it were a pianoforte 
key, and when I take away my hnger, the circuit is broken by 
the spring pushing it up again, and separating e and c. I can 
thereiore, in a most simple way, make the circuit complete as 
often, and for as long a time, as I think proper. This is the mode 
of sending the signals. How shall they be received and perma- 
neiitly recorded ? 

The contrivance for recording the signals takes the place of the 
galvanometer (which is not used), and consists essentially of a 
small soft iron bar, coiled round with fine wire, through which the 
current passes, and a lever having at its end a small projection, 
which is pressed against the edge of a wheel. If a strip of paper 
be coiled round this wheel, the projecting pin will mark it wnen 
the current passes — but only then. Thus the presence of a mark 
on the paper testifies the existence of the current, and the length 
of the mark (varying from a mere dot to a continuous line of any 
length) testifies to the duration of the current. Therefore, since 
by means of the pianoforte key the current is entirely under our 
control, we can mark, by its means, the strip of paper with any 
number or variety of dots or lines. 
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Let a and b be the wires coming from the distant station whence 
the message comes, and c d two upright bars of soft iron, round 
which the wires a and h are coiled many times. Just above these, 
and supported on an upright bar m, is a lever n, which is not in 
contact with c and d except when a current passing through the 
coils magnetises them, and they then draw down flie lever n by 
their force. Since this lever works upon the fixed point m, the 
depression of one end causes the elevation of the other, and so the 
end r is raised (whenever the current converts c and d into mag- 
nets), and brought into contact with the wheel o, round which a 
strip of paper passes. 

All things being in readiness for a message (t.e., the lever n 
not being in contact with either the magnet or the wheel, and the 




Fig. 180. 

atrip of paper being coiled round the roller «, with the end pass- 
ing over the wheel o and fastened to the second roller Q, a current 
is sent by the depression of the key m at the sending station. 
This completes the circuit : the current exerts its force in magnet- 
ising the soft iron bars c and d at the receiving station ; these, by 
being magnets, draw down the one end of the lever n, this raises 
the other end r, which is then pressed against the wheel o. This 
wheel revolves, and so carries tne paper past the end of the lever 
r, from the roller « to the roller t The pressure on the key at 
the sending station being removed, the bars c and d cease to be 
magnets, the point r falls by its own weight (which is counter- 
acted by the force of the magnets when it is raised), and the mark 
on the paper is no longer made. A succession of taps on the key 
of one station thus produces a succession of dots on the paper of 
another. If the key be held down, the dot becomes a line. In 
this way dots and lines majr be made on the strip of paper at wilL 
How can these dots and Imes be made to express words, and so 
convey messages ? 

Let it be agreed that one dot shall stand for the letter «, two 
dots the letter t, three the letter & These three letters occur most 
fr^uently, and therefore we will take the simplest signs for them. 
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In the same way we may express all the letters of the alphabet. 
Thus:— 



• » • 



h 

— t 
m 



a 
u 



9 
e 



tc 

— . r 

— . . I 






. . J) 

— ... h 
. — 5 

— . . — X 



The numerals from one to ten may also be expressed in the 
same way. Thus : — 



1 


^^" • • • • 


6 


2 


^^" " ■■' « • • 


7 


3 


■"* ~ ^^" • • 


8 


4 


■■ ""^ ""' ■" ' • 


9 


5 








in which each dot expresses owe, and each stroke ttoOy if before the 
dots, but not after them or without them. Also, since five marks 
are used for numbers, and only four at most for letters^ there is 
no fear of confounding letters with numbers. 

(16.) Belay. — We have now to notice if any means can be used 
to increase the strength of a current that may be weakened 
through the length of the wires. We have seen (p. 191) that 
the resistance (r) of the wires is an important consideration in 
telegraphic systems, because of the great length. We know, in 
the case of the Atlantic and other telegraphic lines, that a current 
can do work after passing over a distance of even thousands of 
miles, so that it may seem unnecessary to seek for means of 
strengthening currents that prove themselves strong enough for 
the work required of theuL 

But there are practical conveniences in using two weaker cur- 
rents in preference to one stronger one. But how are they to be 
connected ? How can the force of one be made to set the other 
in action ? We see that one current can be set in action by clos- 
ing the circuit, as by means of the key just described. Now, if a 
second circuit can be arranged in readiness, it may be set to work 
in a similar maimer by means of the first, if this first can be made 
to close the circuit of the second. This can be done by means of 
a small apparatus in which an electro-magnet draws down a lever 
and so closes the circuit. Thus : the wire through which the 
first current passes terminates in a coil round two soft iron bars 
c c. These being thus made magnets, draw down a small lever 
d. This is all the work the first current has to do. The second 
current passes along a wire m riy the continuance of which is along 
the upright o, the spriog s, the lever c?, and the second upright L 
But this continuance is interrupted by the interval between a and 
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t When e and e are magnetised, they draw down d; this joins d 
and ty and so completes the circuit The one end of the lever 
being drawn down raises the 
other, hut this is allowed for 
by the expansion of the spring 
8f which is still a complete 
conducting connection. The 
spring has also the utility of 
breaBng the second circuit 
whenever the first ceases, be- 
cause so soon as the bars c c 




ng. 187. 



lose their magnetic force, the spring contracts and draws down 
one end of the lever d, thereby raising the other, and separating 
d and t The second current thus depends entirely upon the 
first, and in this way the weakened force of one current is made 
to set in action the stronger force of a second. The instrument by 
which th^ is done is called a relay. The action of a relay will 
suggest to some minds the sending of the " Fieiy Cross '* in the 
* Lady of the Lake.' The messenger, worn out by fatigue, uses 
his little remaining strength to hand the cross and* tell the mess- 
age to his successor, who, fresh and strong, starts on his errand. 
So the relay, receiving from the first current just enough force to 
teU it what to do, sends out the same message with all the energy 
and velocity derived from a fresh battery. 
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SUMMAET. 



A TELEGRAPHIC System consists essentially of a haUery to excite 
the current ; a toire, to convey it ; and a galvanometer (or some 
corresponding apparatus), to express the signals. Page 212. 

The person sending the message requires to have control over 
the battery and the wires. The person receiving the message re- 
quires a recording apparatus, observed by himself, but under the 
control of the sender. Page 214. 

Telegraph messages are conveyed by a system of signs 
agreed upon ; these signs are riven either by the direction of the 
current being changed at will, or by the number of times the 
current is sent, and Dy the length of time it is kept in existence. 

Page 217. 

When the distance is very great, the current is used to excite a 
fresh current by closing the circuit of a second battery. This 
apparatus is called a relay. Page 222. 



MAGNETISM. 



(1.) Introduction. — ^An ordinary schoolboy's magnet has the 
power of attracting to itself light iron substances such as needles, 
pens, &c. Also oi giving them a temporary x^ower of the same 
kind, for one pen held by the magnet will attract another to itself. 
But if we compare this attraction with that shown by an excited 
glass rod for gold-leaf, feathers, &c., we shall find important differ- 
ences to exist. 

1. The magnet will continue to attract, and will not, like 
the rod of glass, first attract and then repel the same sub- 
stance. 

2. The attraction is only exhibited (perceptibly) towards 
some substances, and appears to be determined by the 
nature of the substance, not its lightness ; for while an ex- 
cited glass rod will attract any substance, and draw to it 
those whose weight it can move, a magnet attracts only 
iron bodies, and will move towards them if they be fixed 
and their attraction powerfuL 

3. Different portions of the magnet have different powers. 
Either end wiU attract an ordinary piece of iron or steel, 
but if a magnetised needle (which is itself a small magnet) 
be brought near a magnet, one end will attract the eye and 
repel the point, while the other will repel the eye and at- 
tract the point. 

4. The magnet is always attractive. Its power does not re- 
quire to be excited, and cannot be destroyed without the 
magnet itself be de-magnetised. 

5. The attraction of a magnet cannot be insulated. It will 
pass through any intervening substance that does not 
counteract it. A needle resting on a table may be moved 
by a magnet held under the table 

I take two bar magnets (i. e., straight ones) : I find that each 
end of either will attract any iron or steel bodies. If I suspend 
either of them by the centre, so that it is free to move without 

p 
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friction, and free from any external attraction, it will gradually 
settle in a fixed position, one end pointing nearly north, and 
the other, of course, nearly due south. So also will any other 
magnet. 

If now I mark the end pointing north with the letter N, and 
the other end with S, I shall he able to distinguish the extremi- 
ties, and to speak of each with distinctiveness. By bringing the 
two ends marked N together I find a mutual repulsion. By 
bringing the two ends marked S together, I find also a repulsion. 
By bringing the N end of either to the S end of the other, I find 
a strong attraction. This resembles very much the attraction and 
repulsion of positive and negative electricity, with the important 
difference that there is no change — i. 6., that neither is capable of 
altering the condition of the otiier, but only of attracting or re- 
pelling it. 

In either of the magnets I find that the attractive power is 
chiefly in the ends : it decreases as I pass towards the middle, and 
at the middle becomes nothing. Therefore I may infer that 
the middle of the bar is in a different condition to the ends, 
but it can easily be shown that this is not the case, and that 
every part of the magnet is in exactly the same condition. I 
take a magnet, and breaking it across the middle, find that 
I have two complete magnets. The broken ends attract, and 
are respectively S and N, as the other ends are N and S. These 
had no attractive force before, because they each neutralised the 
other. 

I break each of these again in halves, and I find that I have now 
four magnets, all perfect and symmetrical ; and I may go on 
breaking each in two, or any number of pieces, and shall find 
that eacn piece, however small, is a magnet, having a N. and a 
S. pole. 

A bar magnet is straight, but if I bring its poles together, 
or nearly so, by bending it, I get what is called a horse-shoe 
magnet. But as this coidd not be done without heating it, 
which would destroy its magnetism, it is usual first to make the 
piece of steel the required shape, and then to magnetise it. This 
may be done either by passing the N. pole of a magnet over one 
end of it, and the S. pole over the other ; or by placing a piece 
of soft iron across the ends (so as to make a rin^ of metal), and 
then to pass one pole of a bar magnet round and round the ring 
of metal several times. 

Steel magnets when once made are permanent — i.^., they retain 
the magnetic arrangement and magnetic power. But I can make 
a piece of soft iron, such as a poker or a steel pen, into a magnet, 
though only for a time, and during the presence of a permanent 
magnet. In steel the particles are moved with some difl&culty, in 
iron very readily. But the steel magnet, when made, is perman- 
ent, the soft iron one only temporary. 

In fig. 139 is shoi/vn a horse-shoe magnet with keeper w. The 
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gte&ter part of the magnet is covered with sealing was ss, the 
only uncovered part being m m, near the keeper 
The only dinerence between bar and horse 
shoe magnets ia the diDerence of form. In all 
other respects thej are the same. Uagneta should 
never lie left lying careleasly about. A hoise- 
shoe one shottld have its two poles connected 
by a piece of soft iron, called a, kea>er bar 
magnets should be arranged in pairs, their poles 
reversed, with pieces of soft iron or keepers 



across the ends, so that each piece connects a N. and a S. 
pole. These pieces of eoft iron are tempor&rily magnetised, and 
mve N. and S. poles, whick satisfy the attraction of the poles 
of the magnets, and so keep them from deterioration. 

In &g. 138 is shown a pair of bar magneU m m, with the 

(2.) S^sots of Magnetism. — The presence of a nia^et is 
shown by its attractive or repulaive power, by its power (m cer- 
tain cases) of producing electric currents, and by its power of 
making permanent magnets of steel, and temporary ones of soft 



II to my reader at once ; as also will the points of differ- 
ence when the two are compared. 

(A.) Attraction and repulsion. — If I mix a quantity of small 
iron filings with sulphur, it will seem difficult to separate the two 
thoroughly. Bnt a magnet held near will at once bring the iron 
filings together in groups, and with a very little trouble the two 
may be entirely separated. The magnet attracts the iron, but 
not the sulphur. 

Iron exerts this magnetic force more powerfully than any other 
substance. Nickel may be magnetised, but with much less efiect 
than iron ; ho may cobalt, but with still less result. Steel alone 
seems to possess the power of retaining its polarisation so as to 
overcome the action of external objects. And, in like manner, 
steel, iron, nickel, and cobalt possess, in decreasing amount, the 
properly of being attracted by magnetA. Probably all bodies are 
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capable of polarisation, but in so weak a manner as to be very 
unstable. Practically, permanent magnets are only of steel, and 
temporary ones of soft iron ; while it is chiefly on iron and steel 
that attraction and repulsion are shown. 

The N. poles of magnets attract the S. poles of other magnets, 
and all non-magnetised iron. The S. poles of magnets attract 
the N. poles of other magnets, and all non-magnetised iron. The 
N. pole of one magnet always repels the N. pole of another. So 
also the S. poles of any two magnets are mutually repellent. 
Non-magnetised steel or iron is always attracted by either pole 
of a magnet. The power of this attraction or repulsion increases 
and decreases as the square of the distance decreases or increases. 
That is, magnetic power varies inversely as the square of the 
distance. 

(B.) Electric currents produced hy magnetism. — This is 
described fully under the head of Magneto-electrioity. It 
will be sufficient to say here that magnetism by itself is not suf- 
ficient to produce electricity. It will be foimd that in all cases 
some other phase of force, usually motion, has to be associated 
with the magnet, which latter may be looked upon as arrang- 
ing or polarising the force communicated to it. Just as when 
I throw a ball against a wall, the wall rearranges the force, 
and throws the ball in another direction. So when I associate 
motion with a magnet, the magnet rearranges it, and produces 
electricity. 

(C.) Magnetisation, permanent and temporary, — The method 
of permanent magnetisation I have described under " Sources of 
Magnetism," and the phenomena of temporary magnetisation 
under " Induction.*' It will suffice here to say that with a mag- 
net I can make a piece of steel into a permanent magnet, and a 
piece of soft iron into a temporary one. 

(3.) Sources of TK&gneiAsm, — An ordinary piece of steel 
may be magnetised in several ways : — 

(A.) By another magnet, 
(B.) By voltaic electricity. 
(C.) By frictional electricity, 
(D.) By tlie influence of the earth. 

It will, I think, be eventually found that these four are but 
subdivisions or phases of one influence : already we know that 
A and D are the same, and that £ and are but varieties of 
electric force. 

(A.) Magnetism hy means of magnets, — Any piece of steel may 
be made a permanent magnet ; and any piece of soft iron may be 
made a temporary magnet. It is only necessary to polarise all the 
particles of an iron or steel bar to make it a magnet. In steel 
this is done permanently, when done at all, but in soft iron the 
magnetic state continues only for a time. 
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I take a thin strip of ordinary steel and pass it briskly over the 
end of a magnet, or, laying it on the table, I draw the end of a 
magnet several times over it, always in the same direction. It is 
then polarised, and possesses all the powers of a magnet — ^will at- 
tract iron, has a N. and a S. pole, and, in effect, is a msupet. 

Another method, and a better, is to place the strip of steel be- 
tween two magnets, so that thev are all three in one straight line, 
with the magnets reversed, so that the steel to be magnetised has 
the N. pole of one mamiet at one end of it, and the S. pole of the 
other magnet at its ouier end. I then take two other magnets, 
and putting the N. pole of one and the S. pole of the other 
together at the centre of the steel, I draw them away from 
each other towards the ends several times, and it is then a mag- 
net. 

If the steel be thick, a still more efi&cacious method is to place 
it as before, endways between two magnets, also placed endways, 
^and in reverse order, and then, placing the other two magnets on 
it, bnt not quite together, being about an inch apart (with a piece 
of cork between them, so as to keep the distance the same), to 
draw them up and down the steel, both in the same direction, 
several times. 

If I magnetise a piece of steel by passing one magnet over it, I 
am said to do so by the method of single stroke ; but if I use two 
magnets, I am said to use the method of double stroke. 

After I have magnetised a small needle or strip of steel, by con- 
tact with a magnet, I can demagnetise it by reversing the process. 
Thus, if I magnetised it by six strokes on a N. pole, less tnan six 
strokes on the S. pole will deprive it of all magnetic power, for it 
is easier to dema^etise than to magnetise ; just as it is easier to 
demolish than to build up. 

(B.) Magnetism by voltaic electricity. — ^A small needle may be 
ma^etised by placing it within a coil of copper wire through 
which a current is sent. An ordinary sewing needle will be 
foimd to have become a permanent magnet if a copper wire be 
coiled some ten or twelve times round it, and a current from one 
or two cells be sent through the wire. I usually place the needle 
in a smaU test-tube, round which I coil the wire. Generally a 
steel bar will be polarised if it be placed at right angles to a wire 
through which a current passes, if the current be strong enough 
to affect the mass of steel. By coiling the wire round the needle 
the practical strength of the current is much increased. 

(C.) Magnetism by frictional electricity, — In theory and in 
practice this is identical with the use of voltaic electricity. The 
usual method is to discharge a Leyden jar or battery by means of 
a wire, one part of which is coiled roimd the needle. 

(D.) Maanetism by the influence of the earth, — Practically, the 
earth itself is a huge magnet, having N. and S. poles opposite 
each other. These magnetic poles are nearly the same as the 
geographical poles. At present the magnetic N. pole is some 20^ 
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W. of the geographical, and the S. pole some 20° E. of the geo- 
graphical S. pole. These relative positions vary year by year, 
and even day by day. But looking at the whole mass of the 
globe as a magnet, having N. and S. poles opposed to each other, 
and having exactly the same powers as an ordinary magnet, it is 
reasonable to expect it to act just as any ordinary magnet would. 
Accordingly, we find that soft-iron bodies are acted upon by in- 
duction, when favourably placed with respect to the poles of the 
great magnet called the earth. But as these are really examples 
of induction on soft iron, and not of permanent magnetisation, I 
have spoken of them under Magnetic Induction. 

Loadstone. — But the power of displaying magnetism possessed 
by the oxide of iron called lodestone, may be referred to here. 
The property is due to the presence of iron in the earth, so called, 
and prooably arises from the strata of the earth having been for 
ages in a position with reference to the magnetic poles of the 
earth favourable to its development. I have spoken of this more 
fully in a later chapter. 

(4.) iN'ature of Magnetisni. — From this it follows that a 
magnetic piece of steel must be considered to be in a polar con- 
dition— •i.e., its atoms must be considered to be arrangedfregularly, 
so that the N. pole of each is in contact with the S. of the next, 
and its S. pole in contact with the N. pole of the next. In this 
way the attraction of each particle is satisfied and neutralised, 
excepting the outer poles of the end pai tides, which, are attrac- 
tive because they are not in contact with the corresponding poles 
of any other particles. 

From this we may get a definition of a magnet. We may say 
that a magnet is a piece of iron, in which the particles are all 
arranged symmetrically as to their poles, so that the attraction of 
all the poles of all the particles axe satisfied and neutralised (by 
contact with their opposites), excepting the outer poles of the 
particles at the two ends, which, not being so in contact^ therefore 
remain attractive. 

Just as frictional electricity has been explained by a theory of 
a dual fluid called electricity, so has magnetism been accounted 
for by the existence of a dual fluid called " magnetic fluid," and 
we have been told that when a piece of iron or steel is magnetised 
this dual fluid is decomposed, the positive being drawn to one end, 
and the other, or negative, being repelled to the opposite extremity. 
This theory has now even less vitality in its magnetic than in its 
electric form, and it is becoming the accepted idea that the at- 
traction and repulsion are inseparable from the atoms of steel 
themselves. It may some day be seen that the whole world, and 
all that is in or on it, would be polarised but for the innumerable 
disturbing causes incessantly at work on it and around it ; that 
the magnet is not the exception to the rule, but the remaining pe^ 
manent type of rule. 
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^5.) Iziduotion of Magnetism. — Soft iron may be tempor- 
arily magnetised "by the contact, or even the proximity, of a per- 
mianent magnet. I bring a bar of soft iron near the pole of a 
magnet : it is attracted. If it be near the N. pole of the magnet 
the attracted end of the iron becomes its S. pole, and the other 
end its N. pole, its particles being polarised throughout. If I 
attach it to the S. pole of the magnet, these conditions are reversed. 
I can then, if the magnet be a good one, magnetise a second, or 
even a third, piece of soft iron in the same way. On removing 
the magnet, the polarity of the soft iron is at once destroyed (i.e., 
the iron reverts to its original condition), and the attraction of 
each for the other no longer exists. 

It is easy to tell the N. and S. poles of a magnet from each 
other, by means of any other magnet, since the N. poles of two 
magnets always repel each other, as also do the S poles, while 
N. always attracts S., and S. always attracts N. The most 
convenient form of test magnet is a small one, or compass needle, 
mounted on a small stand. This can be easily moved, and 
brought near any body whose magnetic condition it is desired to 
test 

Soft iron may be magnetised by induction (i. e., may be polar- 
ised temporarily) without actual contact with a magnet. If 
two pieces of soft iron be put together on a table, they will 
show no attractive force ; but if a good magnet be held over 
them, they will be, by its inductive force, polarised, and each will 
attract the other ; but this ceases the moment the magnet is re- 
moved. 

The presence of a powerful magnet is therefore evidenced by 
the temporary magnetisation of all soft iron near it. What, then, 
will be the effect of the great magnet called the earth upon iron 
bodies on its surface ? Are they all magnetised ? If so, every 
piece of iron would be a magnet, and we know it is not. The 
answer is, that every piece of soft iron that is at rest and free 
from disturbing influence, is magnetised by the earth's influence. 
Thus, I can magnetise a bar of soft iron by merely holding it 
with one end pointing towards the N. pole of the earth — Le., in 
the position it would occupy if the earth had acted upon it. 
(This will also illustrate the inclination and dip of magnets.) 
When held in this position the bar becomes re^y a magnet. 1 
can assist this polarisation by tapping the end of the bar with a 
hammer. This probably loosens the particles, and leaves them 
free to be arranged. The lower end of the bar is the N. and the 
upper the S. pole. If I reverse the bar, the poles instantly re- 
verse themselves, the lower end being always the N. Thus with 
an ordinary kitchen poker and a hammer I can easilv make a 
temporary magnet. Fire-irons that happen to lie in the proper 
position for any length of time will be found to be polansed. 
All strata of the earth that slope towards the N. or S. pole, and 
contain iron^ are sdL more or less polarised. This is probably the 
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explanation of the lodegicne or loadstoney which is a natnial 
magnet, thoagh a weak one. 

(6.) Ck>miMuri8on of Maepaetism with Electricity. — ^Mag- 
netism differs from electricity in that it cannot be insolated. A 
strong magnet will attract or repel another, or attract a piece of 
iron thron^h almost any substance, and with almost, if not qnite, 
as much ^ce as if nothing intervened. Thus, a magnet will 
move iron filings, or affect a compass through wood, glass^ or 
any substance but iron. 

If I hold a sheet of glass between a large magnet and a small 
one, it has no perceptible effect on their condition ; a thin sheet 
of iron moderates, very sensibly, the attraction ; a thick sheet 
destroys it altogether. 

Light passes uirough glass and horn, but is totally stopped by 
iron or wood (except in very thin pieces). Sound will travel 
through wood or iron, but not across a vacuum. Heat will pass 
through rock-salt, and partially through glass, but is almost en- 
tirely stopped by water. So magnetism will pass through any 
substance but iron. But it must not be supposed that the iron 
merely intercepts magnetism. If I interpose a plate of iron be- 
tween a lai^e and a small magnet, the innuence of the one over 
the other seems destroyed, but it is really counterbalanced. The 
plate of iron becomes magnetised, and acts upon the small magnet 
as well as the large one. 

Heat assists in developing electricity, but the reverse is the 
case with magnetism. If I heat a magnet, I weaken its power ; 
if I make it red-hot, I destroy its attraction altogether. A magnet 
will not attract iron that is heated to a white heat. If I put such 
a piece of iron near a large magnet, it is not drawn to the magnet 
as it would be if cold, but as it cools, it comes graduallv under the 
influence of the magnet, and when about a dull red heat it will 
probably be drawn to it, but the exact time at which the magnet 
will recover its power depends on the size of the ball and the 
strength of the magnet. The action of electric currents on mag- 
netised bodies is described under the head of ^'me^urement 
of galvanic force," but is even more naturally a subject of 
** magnetism." I have pointed out the most apparent differences 
between the effects of electricity and those of magnetism, but they 
have in common the property of attraction. I^ when testing the 
force of a galvanic current by the deflection of a needle, I use a 
larffe magnet, and the current be passing through a fine wire, I 
find that the wire is moved if it be unable to move the magnet, 
but is itself capable of movement 

Because these experiments are generally made with small and 
freely-moving magnetic needles, it is usuidly said that the needle 
is deflected by the electric current ; but it would be more philo- 
lophical to say that electric wires and magnetic needles tend to 
cross each other at right angles. 
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If, therefore, electricity and ma^etism be both vibrations, as 
seems probable from some facts, it is also probable that these 
vibrations are in different directions, so that when both are in 
action and meet, they naturally arrange themselves so as not to 
interfere with each other. But it is more probable, I think, that 
the two are but different phases of magnetism, and that the 
arrangement, or polarisation, of the wire is at right angles to that 
of the magnet. 

I group on one side heat, light, and actinism ; on the other 
electricity, galvanism, and magnetism. The one group is dis- 
tinguished by its properties of being reflected, refracted, and 
absorbed ; the other by its property of attraction. This has 
suggested the idea that the vibrations of one group are in straight 
lines, and those of the other circular, or rauier spiral, and that 
this accounts for the attraction and repulsion they exhibit for 
each other. 

Of all these six forces (or varieties of one force, as they may be), 
magnetism is the most distinct in some respects, and the least so 
in others. In distinction from all the others it assumes a positive 
position with reference to the earth ; but this is only because the 
earth itself happens to be a magnet, and not a necessary condition 
of magnetism in the abstract. There is no abstract reason, that 
we know, why the magnetic poles of the earth might not be in the 
E. and W., or in any other two opposite points. 

Magnetism also is distinct from the other forces, in that it is not 
capable of conduction or diffusion. 

(7.) Method of Conferring Magnetic Power. — Magnetism 
is most probably a polarisation of the molecules of the substance 
magnetised. Assuming every substance to be made up of small 
particles closely packed together, and all of equal size and weight, 
we may suppose each of these molecules to be a natural magnet, 
having at its opposite ends a N. pole and a S. pole. If these are 
arranged, as they would naturally (by their force on each other) 
arrange themselves, so that each N. pole is in contact with a S. 
pole, the whole body is magnetically at rest, because there is no 
pole, either N. or S., that is free. 

When I magnetise a piece of steel, by stroking it with a magnet, 
I arrange all these molecules in the same direction, so that each 
N. pole is in contact with a S., and each S. pole in contact with a 
N., excepting at the two extremities, one of which is composed of 
a row 01 N. poles, and the other of a row of S. poles. These, 
having their attraction unsatisfied, affect any iron substances near 
then., V re-arranging their particles in a sMlar manner. Thus, 
if I put a needle pomtways toward the N. pole of a magnet, the 
particles of the needle-point have their S. poles turned round 
towards the magnet ; but if I hold it to the S. pole, then they are 
turned with their N. poles to the magnet. 

This theory assumes that all the particles of any substance. 
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however solid, are free to move on their own axes — t.^., that 
solidity is owing to the attraction, for each other, of the com- 
ponent particles, and not to contact only. Just as a needle or a 
pen will cling to a magnet, first by one point, then hy another ; 
80 may the atoms of a solid body be considered as free to move 
round and round, yet each retained in its place by the attraction 
of the adjacent atoms. 

I magnetise a piece of steel by drawing it a few times, always 
in the same direction, across the pole of a magnet. This may be 
supposed to arrange its atoms regularly. If I draw it a£sin in the 
same direction aa before, I strengthen its power, by turning any 
particles that may still be irregularly placed ; but if I draw it 
once across the pole in the reverse direction, I disarrange the par- 
ticles, since the more easily moved are immediately reversed, wnile 
those more difficult to move remain as before. In this way I may 
demagnetise a pen or needle already magnetised ; but if I draw a 
magnetised needle several times in the opposite direction, I do not 
demagnetise it, but I reverse the position of all its particles, and, 
therefore, of its poles. 

Two magnets put together so as to form a compound magnet, 
lose, instead of gaining, strength. Each seems to partially neut- 
ralise the other. If I want a powerful magnet, I may either put 
together several small ones, side by side, or I may magnetise a 
piece of steel of the reqidred size. But it is found, practically, 
that it is difficult thoroughly to magnetise a thick piece of metal, 
and that a more efficient magnet is made by putting together 
several thin plates, each one being previously magnetised. The 
compoimd magnet thus made is not, however, so powerful as the 
magnets of which it is composed. Thus if three magnets wiU 
each support just one-third of a pound, the tJiree put together side 
by side will not support one poimd. This loss of power is espe- 
cially apparent when magnets of unequal power are put together, 
and least so when there is least inequality. 

(8.) Deflection and Dip of Magnets. — I take an ordinary 
sewing needle, and draw it several times across one of the poles 
of a magnet. It has now N. and S. poles, and if free to move will 
point nearly N. and S. It may be suspended by a very fine 
thread, or fastened to a small piece of cork and placed in water. 
If it be perfectly free to move, it will be found that when balanced 
(so that gravity has no effect on its position) it will not be hori- 
zontal, but will point with its N. pole downwards. Also, it will 
not point due N., but somewhat to the west. 

These two deflections vary with the position on the surface of 
the earth. The more east it is, the greater is the deflection west- 
ward ; so that a needle at Paris is less deflected than one at St 
Petersburg, but more than one at New York. 

The pomting downwards increases as the needle is carried 
northward, but decreases towards the south. Thus a needle at 
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Paris woxdd (ftp (as it ie called) more than one at Alexandria, but 
less than one at £dinburgh. 

A needle placed in the middle of Africa, of S. America, or at 
the southern point of Hindostan, would remain horizontal, being 
attracted equally by the N. and S. magnetic poles of the earth. 
North of these points, the N, pole of the magnet is attracted more 
powerfully than the S. pole, and is accordingly drawn down. 
Conversely, south of these places the S. pole is depressed. The 
line of "no dip" is not a straight line. It is called the "mag- 
netic e(]^uator, and corresponas to the geographical equator, 
though it does not coincide with it, excepting in two places, 
where the two cross each other. 

The deflection to the west is called the deolination of the 
oonipa498 ; the deflection towards the earth is called the dip of 
the needle. The cause of both is the same — namely, the attrac- 
tion of the N. end of the magnetised needle to the N. magnetic pole. 

A needle free to move on its axis would point aue N. at 
Hudson Bay, Richmond, U.S., British S. America, the White 
Sea, the Caspian Sea, the Bay of Bengal, Bombay, or in the W. 
of Australia. The irregular line passing through these points 
(crossing, on one side, N. and S. America, and, on the other, Asia 
and Austi'alia) is the line of no decimation. At any point in this 
line the magnetic N. pole is due N. 

Between these lines of no declination, the magnet turns E. or 
W. Thus, in the Atlantic, Africa, Europe, eastern pcurt of N. 
America, and the Indian Ocean, the declination is W. In S. 
America, the ^eater part of N. America, Asia, and the greater 
part of Australia, the deflection is E. 

If I place a large magnet at the N. side of a table, and a small 
needle on the table (on a cork in a basin of water), I can illus- 
trate the declination by moving the needle to the E. or W. of the 
line crossing the table due S. &om the magnet. Also by moving 
the needle K. and S. parallel to the line. 

One magnet attracts another. So the earth, being a magnet, 
attracts all others, and by virtue of its vast size and power exerts 
an immense power over them. 

If the N. magnetic pole were at the N. geographic pole, then all 
compasses (or magnetic needles) would point due N., and the decli- 
nation (or deflection westward) would be 0**. In fact, the term 
would be imknown. But since the N. magnetic pole is to the west 
of the N. geographic pole, all compasses point westward. There- 
fore the more E. a needle is, the more it is deflected to the west. 

Since the N. and S. magnetic poles have equal and opposite 
powers, a needle on the magnetic equator lies evenly between Doth, 
and, speaking popularly, is level or horizontal But a needle 
nearer the N. than the S. has its N. pole attracted with correspond- 
ingly greater force. So a needle nearer the S. pole has its S. pole 
drawn down. At the N. magnetic pole, a needle would be at- 
tracted to the earth and stand vertical, with its S. pole pointing 
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upwards. At the S. magnetic pole these conditions would be re- 
versed, the S. pole of the needle being drawn to the earth. 

These two movements, the deflection to the west and the depres- 
sion of one i)ole, are thus evidently due to one cause, the attrac- 
tion of a great magnet of spherical form for the smaller magnets 
on its surface. If a globular magnet were made, and small mag- 
netised needles placed on it in different positions, the inclination 
and dip of each might be clearly shown. 

(9.) Mariner's Compass. — I mentioned just now that the poles 
of a magnet were called North and South, because a magnet, when 
freely suspended and free from external influence, sets itself in a 
direction almost exactly north and south. This is well known to 
be the case in the " Mariner's Compass," which is nothing 
more than a magnet made and mounted with the greatest care 
and exactitude. Since it always points nearly north, it shows in 
what direction the ship is moving ; but it possesses exactly the 
same property wherever it may be placed, as well on land as on 
sea. This is explained on the assimiption that the earth itself 
is a great natural magnet, having its poles nearly at its northern 
and southern extremities, so that every other magnet has one pole 
attracted to the north, and the other to the south, by the force of 
this vast magnet. 

The property that a magnetised needle possesses of always point- 
ing to tlie magnetic pole renders it of exceedingly great service to 
mariners, as serving to point out the direction they are going 
when no other sign is apparent. In all weather, during the 
darkest night, the humble mite of steel will faithfully show the 
way across the waters of the ocean, and unerringly obey the laws 
of the wonderful property conferred on it. 

But this very ftdelity occasionally leads to apparent misdirec- 
tion. A magnetised needle, free to move, sets almost N. and S. 
But another magnet held near will divert it from this position, 
the force of the small magnet close to it being practically greater 
than the force of the larger magnet, the earth, which is more re- 
mote. So a ship's compass, which would, usually, point nearly 
due N. and S., may be greatly deflected by any mountains con- 
taining much iron that are near it, or by the bed of the sea, in 
shallow water, if the earth contain much iron ore. So also the 
great quantity of iron in a ship, especially one plated with iron, 
causes much deviation in the position of the compass. Practi- 
cally, the best method of restoring the needle to its normal posi- 
tion has been found to be the ;^acing of masses of iron in its 
immediate proximitv^, so as to compensate the derangement caused 
by the iron of the ship. 

The pole of any magnet so attracted to the north is, correctly 
speaking, the S. pole of that magnet ; and the pole attracted to 
the geographical south, is its N. pole ; but the fact of a magnet 
taking (when left to itself) a defimte position was known long be- 
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fore the cause of this movement, and, naturally, the pole turning 
N. was called the North pole, and the pole turning S. was called 
the South pole. So that each pole of every magnet is, really, the 
reverse of what it is said to be. 

In a common compass the declination only of the needle is made 
use of, not the inclination, or dip. In an ordinair mariner's com- 

?as8 the needle is fiEbstened to the lower side of a circular card, 
'he needle rests on a point, and is free to follow the magnetic at- 
traction of the earth. As it moves it takes with it the card, which 
has marked on its upper face the N. S. E. and W. points and the 
intermediate points. The only thing a compass does is to show in 
what direction relatively to the magnetic poles of the earth the 
ship ia moving. From tiiis, aided by other calculations, the sailor 
finds his position on the earth. One would think that the incli- 
nation, or dip, might also be utilised for this purpose. 

(10.) Meaaurement of Ma>gnetic Power. — To compare the 
strength of two magnets, the simplest method is to estimate the 
power of each in the same manner. This may be done by noting 
the effect of each in bringing to rest a small needle made to oscil- 
late near it. Set a needle in motion, and notice how many times it 
sways to and fro before one of the magnets held at a certain distance 
brings it to rest. If the other magnet, held at the same distance, 
does the same work in the same time, the powers are equal ; if it 
take longer, it is less powerful ; if less time, more powenuL The 
number of oscillations the needle makes in each case before com- 
ing to rest will serve as a measure of the strength of the magnet. 
Thus if one brings it to a standstill after twelve oscillations, and 
another in fifteen, then the power of the first is to the power of 
the second as fifteen to twelve. 

Another method of expressing the power of magnets is to 
make an equation between the weight of the magnet and the 
weight it will sustain by attraction, by finding what ^ 
multiple one is of the other. ,^ 

A magnetometer is also sometimes used, constructed 
on the same principle as the torsicm electrometer. A 
small magnet is repelled by one of two magnets held 
near it. If this small magnet be suspended by a 
thread, it may be compelled to remain near the large 
magnet by twisting the thread. If the other magnet 
offers a repulsion requiring the same number of 
turns to overcome, the powers of the two are equal. 
In fig. 140, b may be the small magnet suspended '*' 
by the thread a, which is twisted by the handle m. The larger 
magnet may he d e (though it would be horizontal, not verticd). 

(11.) Apparatus for Illustrating Magnetic Phenomena 
and iLaws. 
A small ho7*8€'8ho€ magnet 
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A bar magnet 

A small quantity of iron filings, 

A few steel pens or other objects of smaU weight 
These can be had at a very trifling cost, say two shill i ngs. 
With these it is easy to show some of the more commouly under- 
stood phenomena of magnetism, such as the attraction of iron ob- 
jects by either pole of the magnet ; the attraction of the opposite 
poles of two magnets, and the repulsion of the similar poles. 
Also the inductive power of magnetism. By the attraction of 
either pole of a magnet it will support the weight of any small ob- 
ject, say a steel pen. But this pen will itself support the weight 
of a second pen, and this second pen a third, and so on, accord^g 
to* the power of the magnet. Each pen that so supports another 
is, for the time being, itself a magnet, being made so by the power 
of the magnet over it. But this induced power lasts only so long 
as the original magnet is present If I suspend a dozen pens in 
succession :from a magnet, each is temporarily itself a magnet, 
but the instant I take away the magnet the pens fall away from. 
each other, retaining notlung of their magnetic condition. To 
seek a moiil parallel, we may compare the magnet, when acting 
inductively, to a moiil leader in whose presence all men have 
their energies directed to some one object ; but whose departure 
loosens the bond that keeps his followers together, and leaves 
them but a number of individuals, each one following his own ideas. 

When only one magnet is used, it is better it should be the 
horse-shoe shape, because of the greater convenience in using an ar- 
mature — i.e., a piece of soft iron across the two poles. This cross 
piece, or armature, is made a temporary magnet, and strengthens 
the permanent magnet, by keeping it in use, and by preventing 
the disturbance that might otherwise take place in its polarisation, 
from the attraction of surrounding objects. The attraction of 
magnetism is the consequence of a certain atomic arrangement, 
and whatever preserves this arrangement, preserves the magnetic 
force. 

Just as a student of languages might derive both rest and 
vigour from literature taken as a recreation, so a magnet is the 
better for being at work even when at rest, and this is what an 
armature does for a ma^et. Bar magnets are usually kept in 
pairs, arranged alternately side by side, with two armatures, one 
at either end. Thus each armature connects a N. and a S. pole. 
But in a horse-shoe magnet, the two poles come close together, and 
one armature suffices 

(12.) For more detailed magnetic experiments, we want more 
and better apparatus, — 

A pair of bar magnets, 

A large horse-shoe magnet, 

IronfUingSf iron pellets, or any small iron bodies, 

Ulectro-magnet ; for this a galvanic battery is required. 

The cost of these will be some £2 or £3. 
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It will be noticed that while we have electroscopes, electro- 
meters, and galvanometers, for noting the presence ana amount of 
electricity and galvanism, we have no simple instruments known 
as magnetoscopes or magnetometers ; and but little reflection is 
wanted to show why this is. Magnetic force is at once perceptible 
by its attraction, and the amount of force present can be roughly 
estimated by the size of the bodies attracted, and the distance 
through which they move when attracted. Also the movements 
of the magnet, when it is capable of motion, are themselves indi- 
cations of the presence of some disturbing cause. 

Bar magnets. — Straight bars of steel that have been magne- 
tised. Tlie pair I use is about 12 inches in length, IJ inch in 
width, ^ inch in thickness. The quality — i.e., the power — of a 
magnet depends upon the purity of the steel, its imiformity of 
structure, and the care with which it has been magnetised. As- 
suming that a magnet is a magnet because of the polarisation of 
its constituent particles, it foUows that the presence of any other 
than steel particles, or of a variety of qualities of steel, will inter- 
fere with the full development of the magnetic force. But it 
must not be forgotten that this assumes after all the existence of 
magnetism as a natural force, since it assumes that every atom of 
steS has a N. and a S. pole by its inherent nature, and that the 
conversion of a piece of ordinary steel into a magnet is really 
only the arrangement of these minute natural magnets so that 
their forces shaU not be mutually counteractive, but able to ex- 
ert their power upon external 
bodies. , ^ 

Fig. 141 shows two bar mag- 
nets with keepers. The mag- 
nets m m are reversed, so that 
the armatures a 8 connect the 
N. pole of one with the S. of ^'«- ^*^- 

the other. When so arranged, no magnetic force is evident, be- 
cause each pole is neutralised by the other. 

Horseshoe magnet. — ^The one I use is made of three plates oj 
steel screwed together. These bars when straight were 14 inches 
in length, | inch wide, and I inch thick. So that the magnet, in 
its present form, is about 6 inches long and 1 inch thick The 
three plates were ma^etised individually before being put to- 
gether. This is why it is in three pieces, and not of one thick 
piece, so that the middle layer may be more completely mag- 
netised. In some magnets, the middle layer projects slightty 
beyond the others, and when there are 5 or 7 layers, each one 

Projects more than the next outer and less than the next inner, 
n this way the centre layer is really the magnet, the others in- 
fluencing that and strengthening it. The part of a horse-shoe 
magnet held in the hand is usually coated with sealing-wax as an 
insulator. Any given bar of iron will probably exert more mag- 
netic force as a horse-shoe magnet than as a bar magnet, for the 
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rearan that both poles act togethe 
the power of the other. 



', and the nee of one atrengthei 




Fig. 141 



Fig. 142 showB a hoiae-ehoe 
magnet, and 6g. 143 Bhows a siiui- 
lar magnet, with keeper. The 
ports 1 1 are covered with Bealina- 
wax, to prevent Bn5'action thiougn 
the hand, the parts m, m being un- 
covered. The keeper w connects 
the N. and S. poles, and keeps the 
ma^^met at rest. 

Electro-magnet. — Take a round 
bar of soft Iron IH inches long 
and 1 inch in diameter. Bend it 
in the form of a long horse-ahoe, 
so that the two poles shall ha?e 
a distance of some two inches be- 
tween them. It has no magnetic 
power. Take a length of copper 
wire, about Vn of an inch in dia- 
meter, and carefully wind round it fine tliead, dose together, 
so as to completely cover it, covering the whole with a coat of var- 
nish, sealing-wax, or some other non-conducting substance. Then, 
just as the thread has been wound round the wire, wind the wire 
round the poles of the aoftriron bar. Let the threads of wire be 
close together, and wind it layer over layer until some twelve 
ooverincB of wire surround each pole from the eitremity two-thirds 
of the whole length Let the wire be continuous throughout, wind- 
ing round first one pole with many close layers, and then passing 
over to the other, and similarly encasing that. Let the two ends 
of the wire project some foot from the iron, one end from either 
pole. All this being done, there is etill no 
sign of magnetic power. But put the two 
ends in connection withagalvanic battery, 
one wire to each pole, and the soft iron 
' instantly becomes a m^net of extraor- 
dinary power, far aurpaflsing that of anv 
permanent magnet of equal size. Break 
the galvanic current, alt trace of magnetic 
power instantly disappears. Renew it, 
the soft iron is again a magnet, as power- 
ful as before. Break and renew the 
circuit i^in and ^ain at the greatest 

Eosaible speed ; however rapidly it may 
e done, so many times will the soft- 
inin bar cease to be, and become again, a 
magnet These electro-magnets may be made of any size, and 
a large one possesses enormous power, sustaining even hundred) 
of pounds by its mere attractive force acting against gravitation. 
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An electro-magnet is shown in fig. 144, consisting of the bar of 
soft iron m, parUy covered with uie wire w w, the two ends of 
which are connected with the battery. So that practically the 
legs of the mac^net have the wire carrying the current coiled many 
times round tnem. A keeper connects the poles, but there is no 
magnetic force whatever except when the current is passing 
through the wires. Then and then only the bar of soft iron is a 
magnet. 



Terrestrial Magnetism. 

(13.) Variations in Terrestrial Magnetism. — In electricity 
and galvanism we set in action the power that we have to mea- 
sure. But we have a vast natural magnet constantly at work, 
whose position and strength we may measure, just as we would those 
of any other magnet Though we speak of the earth as a natural 
ILagnet, it is no more so than any otner, except that the magnetis- 
ingia by no means altogether independent of us. 

Bj fnction between glass and silk, between shellac and flannel, 
I generate electricity ; by means of one magnet I make another 
of a bit of steeL By precisely the same means, only on a 
scale immensely greater, does the revolution of the earth and the 
consequent friction between the solid earth and the atmosphere, 
coupled with the action of the sun's heat, produce electricify and 
magnetise the earth. The varying position of the earth with 
r^;ard to the sun, and the conseauent va- ^, 

nations of the direction of the forces in 
action, are doubtless the causes of the vari- 
ations in the directions of the earth's pol- 
arisation, and in the resulting positions of 
the magnetic poles and equator. We have 
now to consider how these variations may 
be observed and recorded. 





(14) Apparatus for measuring mag- 
netic variations. — A magnet m is sus- 
pended by a fine thread «, either from the 
ceiling or from some less movable support. ^[ A^ 

I speak of a ceiling as movable because it 
is afifected by every vehicle passiDg in the 

street, by every footfall on the floor. At 

Greenwich Observatory, where great steadi- p. j^g 

ness is especially desirable* the magnet is 
suspendecl from the apex of a tripod formed by three beams of 
wood meeting at top, and resting, not on the floor (through which 
they pass witnout contact), but on the solid earth below. I once 
saw at a museum at Birmingham a huge girafie standing, nomin- 
ally, in the lower room, but whose long neck passes through the 
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room above, and wlioee head ^ crops up" (to use a geological ex- 
pression) throngli the floor of a thud room. So this tripod, rest- 
mg on the basement, supports in the room above a magnet that iF 
thus free from any effects of vibration caused bj the ahaking of 
the floor or ceiling. 
Another ezam^e of the means by which absolute steadiness is 

obtained is shown in fig. 146, 
where the object is to get a per- 
fectly level surface of mercmpr. 
To effect this a hole is dug m 
the ground, and filled with loose 
rubbish o o; on this a frame- 
work n n is erected ; from tMs 
is suspended, by indiambber 
straps, a second framework m; 
from this is suspended, in like 
manner, a thira framework e ; 
from this is suspended, by straps, 
a box d, which contains the mer- 
cury. The "incoherent rubbish" 
(to use Mr Airy*s name for it) 
and the straps serve as so many 
springs to prevent any motion of 
the grouud to disturb the box d; 
and the practical result is a per- 
fectly level and steady surface of 
mercury. The object of this ia 
to obtain a reflection of the light 
from a particular star. The ray 
of light coming from the star a 
passes through a small opening 
in the roof and reaches the mer- 
cury dy from which it is reflected 
to the mirror c, and by that to 
the eyepiece 6. The fact that 
by lookmg through 6 I can see 
^'8- !**• the star a in the mirror c, is a 

striking instance of the lawH of reflection of light. 

To return to fig. 145. The magnet being thus suspended is 
enclosed by a box o c resting on wooden supports, which serves 
no other purpose than to prevent the currents of air in the room 
from moving the magnet to and fro. At one end of this box 
is an opening protected by a glass ^late. At the end of the 
magnet near this opening is fixed a small mirror, which of course 
moves with the magnet 

(15.) Method of recording magnetic variations. — We 

have now two questions to ask. (1) What will affect the magnet 

so 08 to move it ? and (2) How eon \)Daa TaaXKssa. \i^ ^\b%%cved and 
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recotded ! Let na first eonsider tbe second, amd assuming tliat 
the magnet do«B move, discusa how we mav observe and lecoid 
the motioQ. If I place near the opening m the Ikdz e a Bmall 
light 0, it will shine through the opening, and, fallinff on the mirror 
at the end of the magnet, be refiected back throngn the opening. 
Aa the magnet moveB, BO will the mirror; m the mirror moveB, ao 
will the reflected raj of light. So that if I place a amall screen 
to receive thia ray, its varying position will show the movements 
irfthe m^net But it would be tedious to watch and imposBible 
to lemember these movements, which, besides, are sometmies so 
small aa to be almost imperceptible. Photography anggeets a 
method that saves the trouble of either obaerving or trying to 
remember. The reflected ray of light falling upon paper pro- 
^1; prepared tella it^ own history. In fig. 147 is shown a more 



simple example of this method. 
I desire to Know the variations 



of a thermometer ( during si 

given period. I place on one 

side t^ it a light e, and on the 

other a sheet of prepared pho- 

t(^raphic paper, wound on a 

rerolTii^ roller a. The light 

nwees t)u«agh the tube t above 

the mercury, but not through ^^^ 

the mercury. The paper is black- 

ened where the £gnt falls on it, and the me and fall of the 

lower edge of the blackened part show the rise and fall of 

the mercury. The revolution of the roller brings a fresh part 
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of the paper before the light, and vertical marks show the time 
of any particnlar variation. Precisely the eamft ■ni»^<A Sa 
shown in Sg. 148, where the pnrpoae ia to leMfii "fiba ■avtwft- 
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ments of the magnet m, A light o falls upon the mirror fixed on 
m and is reflected to the roller r, where it records its presence 
and position b^ a black dot a. Since the light shines constantly, 
and the roller revolves continuously, this dot becomes a line, 
whose variations indicate the movements of the magnet m. But 
light radiating from the mirror as centre would spread over the 
whole surface of r, which is at some 8 or 9 feet distance. To pre- 
vent this I place a prism, x x, near the roller, and the light is by 
this refracted to a point If I placed the roller nearer, t£e varia- 
tions would be too small to show clearly the differences in degree of 
the movements of m, and also the very small movements would oe not 
perceptibly recorded at alL A fixed light n, shining directly on 
the paper, makes a base line e. This Ime is always the same, and 
serves as a standard from which to measure the movements of a. 

(16.) Causes of magnetic variations. — Having now seen 
how to detect and register the movements of the magnet, we come 
to the first question, What will cause these movements ? The 
magnet is not affected by any vibrations of the building or of 
the air around it ; in fact, is protected from all influence except 
that of the earth itseK acting as a magnet. But we know that a 
magnet is affected by the earth in two ways : one called the de- 
clination or horizontal movement ; the other the dip or vertical 
deviation. 

Still we might reasonably ask whether these varied from day to 
day ? Whether any daily or hourly movement could result man 
these ? The magnetic poles of the earth being the points towards 
which all magnets point, and this pointing being the cause of the 
declination and dip, how could there be anv change in the posi- 
tion of a magnet unless the poles of the earth themselves moved ? 

The reply to these questions is, that the poles of the earth do 
move, ana are constantly moving; that they are not tangible ob- 
jects, such as a cape or an island, but rather effects of several 
causes, varying in amount and position from day to day, and even 
from minute to minute. Just as in a theatre the eyes of the audi- 
ence concentre now on this actor, now on that, now on a third ; just 
as in Parliament, first this speaker, then another, then a third, be- 
comes the centre of interest ; just as a crowd is swayed to and fro by 
successive objects of interest ; just as attention centres in the idOfairs, 
now of France, now of Russia, now of Germany, as each becomes 
the scene of especial political action, — just so the centre of mag- 
netic attraction, the spot of greatest magnetic action, is continu- 
ally shifting, though within narrow limits. The world is not a mass 
of magnetised steel, but a conglomeration of innumerable con- 
stituents, in which magnetism is induced or disturbed by the 
varying action of the forces causing, and resulting from, its a^al 
revelation and its passage through space. These mighty move- 
men te are faithfully registered by our himible bit of steel sus- 
pended by its silk thread; \\& %^^\^\i m^Xknci^ rig^ht or left, 
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betokens a movement of the ma^etic pole towards the geo- 
graphic pole or the equator ; the shghtest rise or fall of its mirror 
betokens a decrease or increase of the strength of the magnetic 
pK>le towards which it points. In the way I have shown it is pos- 
sible to obtain correct records of every variation of the dechna^ 
tion, the dip, and the force of magnetic attraction. At Green- 
wich Observatory there are three sets of apparatus, one for each 
purpose. In essentials all are as described on page 243. For 
the declination, or horizontal variations, the roller r is horizontal 
also ; but for ike dip, or vertical variation, the roller is placed 
upright. 

(17.) Apparatus for measuring variations in the 
strength of Terrestrial Magnetism. — ^For the amount of 
magnetic force a somewhat different arrangement is necessary. 
The object is to test any change in the force of attraction shown 
by the magnetic pole. This will not be shown by either a hori- 
zontal or a vertical motion, since it is not the change in the posi- 
tion but in the strength of the pole that is to be measured. 

It is therefore necessary that the magnet should be so placed 
that any variation of strength in the pole shall move it, but that 
asij change of position shall not. 

When meat is being roasted, it is necessary for it to be continu- 
ally turning upon its own axis. This is sometimes accomplished 
hy very primitive machinery — a fork and a piece of worstea yam. 
llie fork being stuck in the mantelpiece, tne meat is suspended 
from it by means of the worsted. This is then twisted oy the 
fingers a number of times, and by this means a torsion force 
is given to the string which keeps the meat in revolution for 
some time. But if, s3ter twisting the string, I hold the meat still 
to prevent it turning, it is stationary under the influence of two 
equal forces. 

By similar means I can place my magnet so that it shall show 
by its motion the variations of the magnetic force. I suspend it 
by a string as before, and twist this string several times. I now 
place the magnet E. and W., so that while the torsion of the 
string acts in one direction, the magnetic attraction of the earth, 
tending to set t^e magnet N. and S., acts in the other. Ilie 
magnet is now stationary, held by two eaual forces. The string 
pufls tiie magnet one way, the earth pulls it the other ; the two 
torces are equal, because I twist the string until the torsion force 
equals the magnetic force. 

If now from any cause the magnetic force becomes increased, 
it is stronger than the torsion force, and the magnet is moved by 
this extra force ; but this movement twists the string more tightly 
until the increased torsion equals the increased attraction. If, on 
the other hand, the magnetic force is decreased by any cause, then 
the torsion force, being the stronger, unwinds the strina osviIts^ss^^^ 
the magnet until the decreased torsion eqv\Bi\a t\L& a^^^xeasft^ %Xr 
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tractioiL It is usual to suspend the magnet, for this pforpose, by 
two threads (t^, bifilar suspension^ attached to two pointe in the 
magnet Tms gives increased torsion, and also prevents any dip- 
ping of the magnet 

Dj the same method, with snch alteration in minor points as 
is necessary, we are able to record the time and d^;ree of any 
variations in the declination, dip, and attractive force of any 
magnet at any given place. Three strips of paper, eadi having an 
irr^;ular darK Hne, and having at the top the name of the ^ace 
and the date, record these alterations of position and force of the 
magnetic poles, and can be referred to without doubt at any foture 
time. 

(18.) Magnetic Apparatus at Kew Observatory. — At 

Kew Observatory, until now under the direction of Mr Balfour 
Stewart, a neater and more comprehensive apparatus does the 
same work. 

The three magnets, one arranged for declination, one for dip, 
and one for strength, are placed so that the lights are reflected to- 





• 
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Fig. 149. 



wards a common centre. At this centre are placed the three re- 
volving rollers w, each opposite one of the three tubes h. At the 
end of each tube is a lenae I lo tQiXiN«t%<i\JDA t».^^ of light to a 
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point The three magnets m are shown in three cases c, and 
the mirrors at « reflecting the light from the flames o. The three 
drums w are enclosed in a case a. 

In fig. 148 there is a second light n which describes a base line 
0, serving as a standard for measurement. But in fig. 149 there is 
no such second light, the base line being attained by a very simple 
method. The mirrors « are in two pieces, one piece fixed to the 
magnet, the other suspended above it by a string, so that the two 
halves make a complete mirror when the magnet is at rest. But 
the upper half remains stationary, while the lower moves with 
the magnet. Thus the same light o serves to describe the base 
line by means of the upper ha5 of the mirror, and the line of 
variation by means of the lower half. 

It is necessary to take care that no iron shall be used in any 
part of the apparatus, which is composed chiefly of wood and 
copper. The revolving drums w are turned by clock-work. 



SUMMARY. 

A magnet attracts iron, associated with motion it produces 
electric currents : it can also magnetise steel. rage 227. 

Magnetic force is derivable from a magnet, voltaic force, fric- 
tional electricity, and from the magnetism of the earth. Page 228. 

Magnetism seems to consist of the polarisation of the atoms of 
the magnetised body. Page 230. 

Soft iron possesses induced magnetism when under the influ- 
ence of a magnet. Page 231. 

Magnetic n)rce decreases with heat, and cannot be insulated. 

Page 232. 

Magnets point towards the magnetic poles, which are not due 
N. and S. From this follows the declination and dip of magnetic 
needles, of which the compass is an example. Page 234. 

The earth itself is a vast magnet, having poles that are movable 
within limits. Page 241. 

By suitable apparatus we are able to measure the variations in 
force and position of these poles. Page 241. 



DIA-MAGNETISM 

CONSIDERED AS A PHASE OF MAGNETISM. 



(19.) Dia-Magnetism as a Phase of Magnetism.— We 
have Been that an ordinary magnet attracts steel pens, needles, 
knife-blades, and, in fact, any iron or steel bodies whatever, 
though it may not be able to move them. But if I 'place a mag- 
net near a quill pen, a pin, or a paper knife, I iind no attraction 
whatever. It seems to follow uom this that magnetism is con- 
fined to iron and steeL 

But this, like most hasty conclusions, would be very fax from 
correct. We might as reasonably suppose that because a small 
magnet will move a steel pen, but not a pound weight, therefore 
only the pen and not the weight is affected by magnetism. It is 
very important not to limit our ideas too much by our senses. 
What we see and hear is but a very small portion of the pheno- 
mena of nature. 

I increase the pow^ of my magnet until I have what is called 
a " strong magnet." But this is a general term. What is a strong 
magnet? (Jsually an electro-magnet The one in use at the 
Boyal Institution is an electro-magnet, consistdng of a bar of soft 
iron some 4 or 6 feet in length, and 4 or 5 indies in diameter. 
This is doubled into the horse-shoe form, so that the poles are 6 
or 7 inches apart. Bound these are coiled many folds of wire, to 
within 3 or 4 inches of the poles, and to a thickness of 2 inches, 
making a total thickness of core and wire of about 7 inches. To 
bring tne poles into closer proximity, two pieces of soft iron, about 
6 inches long, are placed one across each pole, and can be brought 
as closely together as may be required. These are, by induc- 
tion, magnetised, and form practically parts of the magnet. So 
that the poles can be kept at any distance apart, from actual con- 
tact to 6 mches. Such a magnet as this, when excited by a power- 
ful battery, can support considerable weights, and shows an at- 
tractive force not only for steel and iron, but for other substances 
that, when we use only a small magnet, appear to be quite free 
from magnetic action. 
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Thus, when tried by a powerful magnet, not only iron, but 
also nickel and cobalt, appear to be subject to magnetic action. So 
also do antimony, bismuth, copper, lead, silver, mercury, and 
some other metals, as well as glass, phosphorus, sulphur, sealing- 
wax, wood, and many other non-metallic substances. 

But there is one very striking difference between the two groups 
into which all these substances may be divided. Thus, of 
metals — 

A. B. 



Iron, Platinum, 

Cobalt, Palladium, 

Nickel, Manganese. 



Antimony, Lead, 

Bismuth, Silver, 

Chopper, Mercury. 



All these are affected by a magnet, if of great power; but the 
metals in group A in one manner, and those in group B in an- 
other. I take a small bar of each, say 2 inches long, and i inch 
thick each way. Suspended between the poles of a magne^ each 
of the bodies in group A will be attracted and reach across from 
one pole to the other, in the manner of a keeper. But those of 
cproup B will be repelled, and tend to set themselves across this 
line, at right angles to the line a keeper toouUl take. 

Therefore we may say that all substances are affected by magnets, 
more or less, but in one of two different ways, the members of one 
group being attracted, of the other repelled ; one set taking up an 
aa?uu position, the other an equatorial. By aocial is meant the line 
joining the poles, by eqtiatorial the line crossing this at right 
angles. Across the poles is aafial, parallel to them is equatorial. 

It seems from this to be necessary to revise our ideas of mag- 
netism. If the action of magnets on bismuth or antimony had 
been discovered before the action on iron, this equatorial setting, 
or repulsion, would have been called mc^etism. There is no- 
thing in the name to limit it to one set of phenomena rather than 
to the other. The attraction of a piece of iron by a magnet, and 
its repulsion of a piece of bismuth, are e(jually magnetic. There- 
fore, scientifically, the term magnetism is used to cover all the 
effects of magnetic action, those of attraction being called para- 
magnetic; those of repulsion diarmagnetic. 

MAGNETISM. 

I 



Para-Magnetism Dia-Magnetism 

Attractwn JlepuUion 

Axial-potion BqucUorial position 

If I use a sincle-bor magnet instead of one of the horse-shoe 
form, I get simply attraction and repulsion by either pole. Iron, 
cobalt, &c., are attracted ; bismuth, antimony, &c., are repelled. 
The axial and equatorial positions are simply the results of attrac- 
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Hem and repnljiioiL In the case of a bar magnet, either pole at- 
tractii iron and repels biinnath ; in the case of a norBenahoe magn^ 
both poles attract the same piece of iron and repel the same piece 
of biBmnth* 

So that it in not the axial and equatorial iKmtions, but the 
attraction and repulsion which we most consider, if we desire to 
comprehend diarmagnetisuL 

(20,) iEfatore of Polariaation by Magnetism. — ^The action 
of an electro-magnet on iron is much greater in d^;ree than 
on other substances, and we must therefore examine this as 
likely to show us most clearly what its exact nature is. We 
say that a magnet polarises tne atoms of any substance it at- 
tracts, by which we mean that all these atoms are arran^^ed orderly 
in the same direction. Thus, a regiment of soldiers is standing 
on the parade-ground, in ^up, each man standing in the posi- 
tion and attitude that smts his convenience. At a given signal 
all these groups are rearranged ; all the men face in one direction, 
and stand at eaual distances &om each other. Every man's face 
has the back oi another man turned to it ; every back has a &ce 
towards it, excepting only the first faces and the last backs. If 
we compare the faces of the men to the N. pole of a magnet, and 
the bacKS to the S. pole, then the regiment of soldiers are tiie ex- 
act parallel of a magnet. 

In precisely the same manner a piece of soft iron has its atoms 
in groups imtil the attraction of a magnet rearranges them, and 
draws all their N. or S. poles towards itself. But this assumes 
that the atoms of soft iron are themselves veritably magnets, hav- 
ing N. and S. poles, and that all the magnet does is to polanse 
or arrange them. 

Some acute reader may possibly think that this may be capable 
of verification in this way ; unless all the atoms are exactly sphe- 
rical in shape, any such polarisation must affect the length and 
thickness of a bar of iron. For if the length of the magnets he 
greater than their width and thickness, then when they are all 
arranged endwavs there must be an increase of length. And 
this is true. A bar of soft iron, when magnetised, is lengthened at 
the expense of its thickness. But the increase is so very small 
that in any one atom the difference between the width and length 
must be not only inappreciable, but literally inexpressible. 

(21.) Dia-Magnetism a polar force equally with Mag- 
netism. — This being true of magnetised bodies — that magnetism 
means the polarisation of their molecules, and a consequent 
lengthening — wo might reasonably ask what corresponding pheno- 
mena are T)rcflciited by the action of a magnet on bismuth ? Does 
a bar of bisinutli or of antimonv imdergo the same action of 
arraiigtimont or polarisation as a bar of iron ? If so, is its length 
altered ? 
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In reply, there seems to be but little doubt that dia-magnetism 
is as truly a polar force as para-magnetism ; that the atoms of 
bismuth are as really polarised as the atoms of iron, and that 
these atoms have N. and S. poles in precisely the same manner. 
One experiment, upon which much of our belief in the polarity 
of dia-ma^etism rests, is to place an astatic needle between two 
bars of bismuth, so that any action one might have would be 
neutralised by the other. To do this I place two bars of bismuth 
parallel, suspended endways (like two clock-weights) over a wheel 
Dy a cord. W hen they are quite level I place the needle across 
them so that the two bars and the needle form the letter H. By 
using two coils of wire, one round each bismuth bar, I subject 
them to the action of two electric currents in different directions, 
so that they will have their poles reversed, if any polar force be 
devdoped. Whatever such force be developed the needle will 
not show its presence, because its position across the middle of the 
bismuth ma^ets causes the action of each pole to be neutralised 
by the opposite. 

By means of the cord joining the two baxs, I raise one, thereby 
lowering the other, until the upper end of one and the lower end 
of the other are level and opposite the astatic needle. Now, since 
the currents are contrary, so will be the poles of the bismuth 
magnets. Therefore the upper end of one and the lower end of 
the other are both N. or both S. Therefore the needle is acted 
on by a double force, each part of which helps the other to de- 
flect it. If the bismuth bars be really magnetised, the needle 
will be deflected ; if not, there will be no movement. It is 
found that the needle is deflected, though only slightly, and 
that an equal deflection in the contrary direction is produced 
when the bismuth bars have the other pair of poles brought into 
action. 

Thus the two bars are parallel and opposite, with the needle 
across their middle points, and no current passing through the 
coils. All is stilL I send a current round each bar, one each 
way, and lower the right-hand bar, thereby raising the other. 
The needle is deflected one way. I reverse the bars, raising the 
left and lowering the right, the deflection is the other way. From 
this it follows that the action of the bismuth upon the needle is 
the same as would be the action of soft iron under the same cir- 
cumstances, and that this polarity is the result of the electric 
current. It would be interesting to perform this experiment flrst 
with bars of bismuth, and then witn bars of soft iron, all other 
things being the same in each case. We have now the reply to 
our first question. Is a bar of bismuth or antimony polarisea in 
the same manner as iron ? We may say that it is, though the 
degree of force so developed is very small as compared with the 
magnetic force of iron. 

To the second question. Is the length of diamagnetic bodies 
altered in the same way as when iron is magnetised ? We can only 
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say that, like the magnetic force developed, the change, if any, is 
very small ; in fact, entirely inappreciaole. 

Dia-magnetism differs from para-magnetism in some points ; in 
others it resembles it. One is weak, the other is strong ; one re- 
pels, the other attracts ; both are polar forces ; both are developed 
by electricity. Clearly, therefore, the difference between them is 
one of degree or variety, but not of kind. Weakness and strength 
are comparative ; attraction and repulsion opposite phases of the 
same force. 

Various theories have been suggested to account for these differ- 
ences, most of them assuming the existence of a magnetic fluid. 
It might be worth while to bear in mind that we use one kind of 
magnet in all our experiments; namely, steel magnets, or else soft 
iron acted on by electric currents. If in frictional electricity we had 
never used but glass and silk for its production, it is questionable 
whether our knowledge of it would not be more limited than it is ; 
so it may be that a series of experiments with magnets made of 
bismuth might serve to enlarge our ideas on the nature of dia- 
magnetism, and as to its relation with para-magnetism. 

(22.) Dia-magnetism of IiiquidB. — The differences to our 
senses between solids, liquids, and gases are palpable and fami- 
liar ; and it is difficult to realise the fact that for many scientific 
purposes the solid, liquid, and gaseous states of a substance are 
almost alike ; that it is more important to consider the nature of 
the particles of a body than their degree of cohesion. Thus liquids 
are as truly magnetic as solids; some being para-magnetic, and 
some dia-magnetic. 

We estimate the magnetism of a solid by suspending a small 
bar of it between the poles of the maenet : how snail we estimate 
the magnetism of a liquid ? One method is to enclose it in a tube 
suspended as before. The tube acts as though the liquid were a 
solid bar, setting axially or equatorially according as it is panir 
or dia-magnetic. Another method of testing whether a liquid 
be dia-magnetic, is to place two cross-pieces of soft iron on the 
poles of an electro-magnet so as to bring them close together, but 
of course not in contact, and to place a small watch-glass resting 
partly on each. A very small quantity of the liquid is then placed 
in the glass, and the magnet charged by a current. If the liquid 
be magnetic, it will be attracted by both poles, and will be higher 
at the sides nearest the poles, by reason of the attraction tending 
to draw it into two heaps. If it be dia-magnetic, it will be re- 

I)elled by both poles, and consequently higher at the ndddle, and 
ower at the sides. 

Either method requires delicate apparatus, strong magnetic 
power, and careful manipulation. The attraction of iron for iron 
under magnetic influence is strong, but of all other substances 
weak, in most cases very weak. One method of recording tiie 
attraction or repulsion of a liquid, when placed in a watch-glass 
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over the poles of a magnet, is to let a raj of light pass from above 
downwards through the centre of the liquid and glass. If the 
magnet attracts the liquid, the thickness is less in the centre; if 
it repels it, the thickness is greater in the centre. In the one case 
the refraction is greater than the other, and by means of a mirror 
placed below this can be ascertained, and proves a delicate test 
of attraction or .repulsion where the amount is very smaU. 

(23.) Dia-ina.gneti8in of Gkuses. — I cannot suspend a eas by 
a string, nor fill a watch-glass with it; and though I could ML a 
test-tube with it, the quantity contained would be so small as to 
be useless. I must therefore find some other method of testing 
the influence of magnetic action on cases. One method is to fiU 
soap-bubbles, and notice whether tney are compressed or pro- 
tracted when passing between the poles of the magnet. A more 
complete plan is to deliver the gas irom the mouth of a tube be- 
tween the poles, and to place over this mouth three other tubes, 
one vertically above, and two others, one on each side of this, close 
to it at bottom, but diverging at top. 

If the gas be dia-magnetic, it will be repelled by both poles and 
pass up the middle tube; but if it be magnetic, it will be attracted 
by both poles, and pass through the two outer tubes. But how 
shall its presence be detected 1 I place in the mouth of the de- 
livery-tube a piece of paper moistened with ammonia, and in the 
two outer tubes paper moistened with hydrochloric acid. If the 
gas pass through the central tube, it continues invisible; but if it 
pass through me side tubes, the ammonia is carried into contact 
with the acid, and chemical action results, which ia shown by the 
fumes given off. 

A tmrd plan is to let a beam of electric ll^ht pass between 
the poles and on to a screen. The gas, though invisible under 
ordinary circumstances, will throw more or less shadow on the 
screen; and by this shadow its motions, whether of attraction or 
repulsion, can be seen. 

(24.) Causes a-fiTecting Dia-magnetio Polarity. — Electricity 
is increased by warmth; magnetism is increased by cold. In the 
same way dia-magnetism is influenced by change of temperature. 
It is also affected by the proximity of magnetic or dia-magnetic 
bodies. Thus if I mix two powders, one magnetic and the other 
dia-magnetic, into a paste, and suspend a cake of this paste, it 
will set axially or ec^uatorially according to the quantity and 
strength of each constituent. Each will exert its full power, and 
the balance of strength on the part of the stronger will determine 
the position, 

(25.) IN'ature of Dia-Magnetism. — ^As might be expected, 
the consideration of the ^* causes affecting dia-magnetic polarity" 
suggests what may probably be the nature of the force called dia- 
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magnetism, and in what it differs &om magnetism, commonly so 
called — I.e., para-magnetism. 

If I use a steel magnet, iron sets axiallj, and bismntli eqna- 
tonally. If I could use a bismuth magnet, probably bismuth 
would set axially and iron equatorially. So that all we can say 
is, that polarised iron attracts iron and repels bismuth, while 
polarised bismuth would probably attract bismuth and repel iron. 
Therefore there seems to be some radical difference between tiie 
polarisation of iron and of bismuth. 

It might be thought that simply the poles were reversed in the 
two metals ; but this cannot be the essential difference, because 
the magnet determines the arrangement and direction of the 
atoms of both the iron and bismuth. Magnetism is not the ar- 
rangement of iron or bismuth particles by themselves, but tiieii 
polarisation by a magnet Assuming tnat iron and bismidih 
atoms have naturally K. and S. poles, the presence of a magnet 
would arrange either in the same way. But the iron does not 
appear to attract either pole of the bismuth. 

So that whatever arrangement constitutes the polarisation of 
bismuth, it is certain that repulsion is an important element of 
it. It might be, that whereas a magnet attracts by its N. pole 
the S. poles of iron atoms, because its attraction for these S. poles 
is greater than its repulsion of the N. poles, so iron repels bis- 
muth, because its repulsion of the one pole is greater than its at- 
traction for the other. We know that an iron magnet repels iron 
even while it attracts it, but that the attraction for one pole is 
greater than the repulsion of the other. So it may be that iron 
attracts bismuth even while it repels it, but that the repulsion of 
one pole is greater than the attraction of the other. 

But iron may be seemingly repelled, and bismuth seemingly 
attracted. A small bar of iron, say the size of a small piece of 
slate pencil, will set axially when suspended between the mag- 
netic poles, while a bar of bismuth will set equatorially ; but if I 
compass these two bars into two flat plates by subjectmg them to 
pressure, I find the bismuth sets axially and uie iron equa- 
torially — i.e., the bismuth disc is attracted to the poles, and the 
iron disc sets parallel between them. How shall we reconcile 
these apparent contradictions ? It may be that the compression 
caused the N. and S. poles to set crosswise in both the iron and 
the bismuth, so that the contradiction is onl^ apparent, not real 

That this is so is shown by further expenments, which lead us 
to modify our statement of what is meant by magnetism and diar 
magnetism. By axial and equatorial we do not necessarily mean 
that the iron or bismuth shall point any given way with respect 
to the length of any given piece as a whole, but that the N. and 
S. poles of the constituent atoms shall be axial if the substance 
be rnagnetiCf and equatorial if it be diormagnetic. It is quite 
possible that the compression of iron or bismuth into a flat plate 
may also have the effect of setting the N. and S. poles of the 
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metal across the thickness of the plate, which would at once 
account for the apparently exceptional behaviour of the plates. 

In crystals, where cleavage is an element to be considered — i,e., 
where the body may be considered as being made up of an inde- 
finite nimiber of very thin laminae or leaves — we have other ap- 
parent contradictions : thus some magnetic crystals set equatori- 
ally, and some dia-magnetic crystals set axially. But on minute 
investigation it will be found that the cleavage of a magnetic 
crystal is axial, and the cleavage of a dia-magnetic crystal equa- 
toriaL But the magnet cannot attract or repd. cleavage^ whicn is 
01^ a series of spaces between the leaves. 

This behaviour of crystals, however, coupled with that of com- 
pressed substances, suggests another line of thought. In both 
cases it is the line of greatest compression that sets axially in 
magnetic, and equatorially in dia-magnetic, substances. The line 
of deavage is also the line of greater density, because in that line 
we have a continuous lamina or plate; but in the other line, 
across the cleavage, we have alternately leaves of substance and 
intervals of space, however small. 

In speaking of the polarity of bismuth (p. 251), I said it would 
be interesting to experiment on soft iron and bismuth alternately. 
In 1854, Professor Tyndall did this in a very elaborate manner, 
and with Tery interesting results. His apparatus consisted of two 
electro-magnets and a coil of wire, within which, but free to move, 
were suspended first a small bar of soft iron, and, secondly, a small 
bar of bismuth. This amounted to really two large electro-mag- 
nets, and one small one — the small one having sometimes a core 
of iron, sometimes one of bismuth. By means of the coils round 
the magnets I can make the poles N. or S. at pleasure. 

I place the two large magnets end to end, and then move one a 

few inches sideways from the other, thus, , and sus- 

pend the smaller one across these neighbouring poles N. somewhat 

thus . I have thus one end of the small bar near 



one magnet, and the other end near the second magnet. As 
might be expected, the N. pole of the large magnet attracts the 
S. pole of the small one, and vice versa. Also, the S. pole of the 
laige ma^et attracts the N. pole of the small one, and vice versa, 
I determine the N. and S. poles of the small bar of iron bjr the 
direction of the current passing through the coil within which it 
is suspended. I now replace the bar of iron by a bar of bismuth, 
and mid I can affect its magnetic condition by means of the cur- 
rents, just as I did the condition of the iron ; but with the impor- 
tant difference, that the bismuth is attracted where the iron was 
repelled, and repelled where the iron was attracted. 

Taking this experiment by itself, the result might be described 
by saying, that whereas a current of electricity passing round a 
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bar of iron made the left-hand extremity the N. pole, and the 
right hand the S. pole, these results were reversed m. the case of 
bismuth, the N. pole being to the ri^ht, and the S. pole to the 
left. The coil and electric current bemg the same, the results of 
its action upon iron and bismuth are just reversed. 

This would at first suggest a simple explanation of dia-magnet- 
ism, but it does not suffice. For ii I present a piece of soft iron 
and a piece of bismuth to a powerful magnet, I might reasonably 
expect that both would be attracted (though probably with differ- 
ent force), since the N. pole of the magnet would attract the S. 
poles of both iron and bismuth, without reference to the side of 
an electric current on which they would be found. But we know 
that this is not the result. 

To sum up, we may say, — 

(1.) Iron and bismuth are both polarised by an electric current, 
but the relative positions of the poles are reversed. 

(2.) Iron and bismuth are probably both attracted and both 
repelled by a strong macnet ; but in iron the attraction overcomes 
the repulsion, in bismuth the repulsion overcomes the attraction. 

(3.) The magnetic poles of both iron and bismuth have a ten- 
dency to set in the lines of greatest compression. 



SUMMARY. 

A magnet attracts cobalt and nickel, but with much less force 
than iron : it also repels bismuth, antimony, copper, and many 
other substances. Page 248. 

Probably every substance is affected by magnetic force. 

Page 249. 

The repulsive action of a ma^et is called dia - magnetism. 
Probably the attraction and repulsion are two phases of one force. 

Page 250. 

Liquids and gases are affected by magnetism equally with 
solids. Page 252. 

By attraction and repulsion of magnetism is meant, not the 
attraction and repulsion of a given body as a whole, but of the 
atoms constituting it. Page 254 



MAGNETIC-ELECTEICITT. 

CONSIDERED AS A PHASE OF MAGNETISM. 



(26.) If I pour water into a basin, a jug, or any other vessel, it 
immediately assumes the form of the vessel. Heated metal is in 
the same way impressed with the contour of any hard substance 
in contact with it. In these instances the form of matter de- 
pends upon external influence. 

If I throw a ball against the wall, the force with which I impel 
it is, as it were, rearranged by the wall, and the ball sent in a 
different direction ; here not tne /orm of matter but the directum 
of its transfer is altered by an external influence. 

If I send an electric current through a wire which is wound 
round a bar of soft iron, this iron becomes a magnet : here is, as 
a result of external influence, a transfer of force, not of matter, 
from the wire to the iron, and &om the iron to any smaller 
bodies upon which it may exert influence. 

If I use my strength to turn a wheel upon a fixed axis, it would 
at first appear as if I not only wasted my time but had also found 
a way of destroying force, wluch is considered to be indestructible. 
All mv labour would seem to produce no result, as neither axle 
nor wheel would be moved from its place. But if I place a band 
round the wheel, I can by this means communicate the force to a 
second wheel, at considerable distance even, and can move ma- 
chinery ; in fact, can do work. Even if I do not transfer the force 
to a second wheel, still it is not destroyed, though it may be 
toasted. That part of it is used in overcoming the resistance to 
the motion offered by the air, is easily shown by setting a wheel 
in motion first in the air, and then, with the same force, in a 
vacuum^ It will be found that the same wheel will revolve for a 
much longer time when in the vacuum, free from the friction of the 
air, showing that much of the force is used in overcoming this fric- 
tion. It is true that the wheel does not have to remove the air out 
of its way, because it continues to occupy the same space ; but 
the air, being elastic, presses against the sides and eage of the 

B 
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wheel, and so tends to preTent its motion. As an eramplft of 
this, this month (October 1&70) an aeronant, conveying Letters 
from the besieged city of Paris to Toms in a balloon, was fixed at 
repeatedly by the German bedeging army, and though the can- 
non-balls fell so far short of the balloon tliat he felt no nneaaness, 
yet the balloon was very perceptibly fihaken by the force that 
was commnnicated by the balls to the air. 

(27.) Derivation of Slectricily firom Magiifttigm. — Just 
as a vessel gives an outward fonn to water poured into it, just as 
molten metol can be stamped into any required shape by out- 
ward pressure, just as an electric current rearranges the particles 
of soft iron, so a magnet will rearrange a force that comes within 
its influence. 

If I turn a copper disc on a spindle, and have fastened to it a 
copper wire, the other end of which is attached to a galvano- 
meter, I shall lind no trace of electric force ; but if I brmg near 
it a strong magnet, I find that I can affect the galvanometer by 
the force with which I turn the disc. This phase of energy is 
called magneto-electricity, or electricity developed by means 
of magnetism. The opposite of this is electro-magnetism, or 
magnetism developed by means of electricity. 

It follows from this that I can develop an electric current 
without any of the complicated apparatus of voltaic battery and 
chemicals, by the simple process oi turning a wheel on an axis in 
the presence of a permanent magnet. But though we get rid of 
the cumbrous voltaic machinery, we require apparatus of another 
kind, and perhaps as complicated. It is not sufficient to twirl a 
copper disc on an axis, and hold a magnet near it. 

The copper disc must revolve either between the poles of a 
horse-shoe magnet, or parallel to the plane of a bar magnet — 1.«., 
across the direction of the keeper — in either case. The position 
of the axis of the disc is the same as that of the keeper. When I 
turn the disc I cause the development of electric action in the 
disc ; and if I place one end of a wire on the ai^s, and the other end 
so that it presses on the edge of the disc, I can deflect the needle 
of a galvanometer by means of the current passing through the 
wire. The direction of the current depends upon the direction 
of the revolution. If the disc turns in one direction, the current 
passes from the centre to the circumference, thence by the wire 
oack to the centre. If I turn the disc the other way, the current 
passes from the circumference to the centre. 

(28.) Theory of Electricity derived firom. Magnetism.— 

One explanation of this action is, that a magnet has an electric 
current circling round it, just as the coil of wire surrounds the soft 
iron bar in an electro-magnet, and that the revolving disc cutting 
these currents is influenced by them. Another is, that the magnet 
is perpetually polarising the atoms of the disc, and that this 
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onuigement, being as perpetually disturbed b; tiie revolving 
motion of the diBc, produces an. electric current 

The latter of these eiplanationB derives additional force from 
another aet of eiperimentfl, in which the keeper itseK revolves 
upon its central point, in &oot of the magnet, each end passing 
from pole to pole m a continuous circular movement. Inflg. 160 
the keeper is a simple bar to, but in a meenet arranged for the 
keeper to revolve, not only in but m m would be 
theTceeper — i.e., the keeper would have twopro- 
jections, one to fit each pole of the magnet. These 
small poles m m are coiled round with wire 
after the manner of electro-magneta. 

When the keeper is across the poles, it ia it- 
self a part of the magnet, its soft iron particles 
being polarised. When it has moved through 
half a revolution, this polarisation ia reversed. 
When it has completed one revolution, the ori- 

Cl polarisation ia restored. Each end of the 
>er ia firat N., then S., then N., then S. again, 
an^ so on continiioualy. It ia N. when in con- 
tact with the S. pole of the magnet, hut S. when ' 
it passes to the N. pole, then N. again when it 
returns to the S. pole, and so on. 

When the keeper stands across its normal poM- p,^ j^ 
tion, free from contact with either pole, it will he 
qnite free from any polarisation ; and this will happen twice in 
every revolution, ao uiat the keeper is first polarised in one direc- 
tion, then depolarised, then polarised in the reverse direction, then 
again depolafiaed. These four changes take place every revolution, 
and the revolution may be performed many times in a second. 

(29.) A Continuoua Current derived from an Induc- 
tion Bariea. — The currents thus generated in the keeper will he 
conducted by the wires coiled round the projecting parts of it. 
But they will be perpetually reversed in direction by the changes 
in the keeper. Can this be neutralised in any way, so that a con- 
tinuous current can be produced ) 

We have seen (page 218) how, by the uae of such apparatus as 
is there described, called commutators, of which fiea. 161 and 154 
show two apecimena, we can reverse at will the direction of an 
electric current. By similar contrivances we can convert out 
double magneto-electric currents into one continuous current in 
one direction only. 

If o 6 be the wires from the keeper, the current will pass 
through theae in alternate directions aa rapidly as the keeper is 
rotated, there being two currents for every revolution. If c rf be 
the wire through which the continuous current be required to 
pass, it is only necessary to change the connection aa oftiin as the 
direction of the current in ab changes. 
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commutator in general use for magnetic electricity is exactly on 
tliis principle, but not in this form. It usually consists of a non- 
conducting spindle on whicli the keeper revolves, and on which 
are placed several conductors, which do the work of changing the 
connection at every change in direction in the induced current. 

The use of the commutator in telegraphy (page 218) is to obtain 
alternate currents iac d from a direct contmuous current in a 6. 
In magnetic electricity we obtain, by the use of a commutator, a 
direct continuous current mc d from alternate currents in a 6. 

(30.) Apparatus for Magnetic Electricity. — In this there 
is great variety, and often considerable complexity. But in prin- 
ciple all are as here described, consisting essentially of some good 
conductor revolving near the poles of a magnet, so that currents 
shall be induced and disturbed continually — induced by being 
close to the magnet, disturbed by being moved from it. We must 
consider each part of the revolving plate by itself, or we may con- 
sider the plate as a wheel made up of an infinite number of spokes. 
Each spoke will come to and depart from the line in contact with 
the magnet, and will be thus gradually magnetised and demagne- 
tised. At the moment of its polarisation the force will be com- 
municated to the wire, and this way each succeeding spoke will 
keep the wire in action. 

Tne wire has one end in contact with the centre of rotation, and 
the other in contact with the edge. But the communication be- 
tween the outer edge and the wire must be one of sliding contact 
only, for otherwise the wire would be wound round the wheel on 
its axle. In this way the wire acts as a conductor to each succes- 
sive radius forming the wheel or plate. 

Any number of magnets and of revolving plates may be con- 
nected so as to form a magneto-electric battery. The construction 
of these is often very complex. 



SUMMAEY. 

Force spent in turning a wheel on a fixed axis is not destroyed, 
though it may be wasted. Page 267. 

If a magnet be near a revolving plate of conducting substance, 
the force spent in causing the rotation will be construed into an 
electric current. Pa^e 258. 

This is caused by the successive polarisation and depolansation of 
each atom of the plate as it passes the pole of the magnet. 

Page 258. 

From these alternate induced currents a continuous direct 
current may be obtained. Page 259. 

The apparatus for magnetic electricity is usually somewhat 
complex, but may all be resolved essentially into tW wsJ^'cpcl ^*l 
magnets upon revolving conductors, "^^j^g^^^. 



THERMO-ELECTRICITY. 



(I.) Introduction. — I take a hoop of copper wire and hold 
one part of it in the flame of a candle, or any other source of 
heat. By degrees the whole hoop becomes heated, the heat 
travelling round it on either side. I now insert a piece of anti- 
mony in the hoop, by cutting out a piece of the copper wire, 
which I replace by the antimony. Heating the point of junction, 
I find I have done more than send a current of heat round the 
wire. If I place a magnetic needle near the hoop (or connect it 
with a galvanometer) I get evidence of a galvanic current that did 
not previously appear to exist when the hoop was of one metal 
only. What are the different conditions introduced by the in- 
sertion of a piece of antimony into the circle of copper ? Why 
should the passage of heat develop electricity in one case and not 
in the other ? 

The answer to this is, like the answers to most questions in 
natural science, of a twofold character. First, the reply is, that 
the difference in the conducting; powers of the two metcds and in 
their specific heats causes the electric current. I heat one part of 
a copper hoop, and place a delicate galvanometer at the opposite 
side. No deflection of the needle takes place ; not because there 
is no force acting on it, but because there are two equal forces. 
Whatever effect the heat transmits round the hoop in one direc- 
tion, it transmits also an equal and opposing force in the other. 
How then do we know that any force whatever is transmitted, 
since there is no evidence of its existence ? That there is such a 
force may be shown by disturbing the equality of the two forces, 
and allowing one to act more than the other U]pon the measurer 
of force, the galvanometer. I take away a portion of copper on 
one side of the lamp, and replace it by an equal amount of bis- 
muth. The conducting power and specific heat of bismuth are 
not the same as those of copper, therefore the heat passing firom 
the lamp to the galvanometer on one side through copper only, 
28 not exactly counteT\)alanc%d "Vi^ VSasX ^gassoi^ o^ia. the opposite 
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side through copper and bismuth, and the result is, the greater of 
the two forces deflects the needle of the galvanometer. 

But if the influence of the bismuth be merely a mechanical one, 
might not the same result be attained bv other means ? If the 
bismuth merely retards the passage of the heat, might not the 
same result be attained by inserting an additional piece of 
copper, as by replacing copper by bismuth ? If the bismuth 
accelerates the passage of the heat, will not the same result be 
attained by removing a part of the copper ? To prove this I might 
simply move the laSap towards the galvanometer either on the 
right or left, so that the heat has to traverse a less distance on one 
side than on the other. I do this, and a faint evidence of galvan- 
ism is the result. I twist the wire a few times on the longer side, 
so as t5 interpose more resistance to the passage of the heat, and 
the movement of the needle is increased. 

(2.) Derived from. Heat. — ^From this it would appear that 
two unequal currents of heat opposed to each other produce the 
result to which we give the name of an electric current ; and 
that the bismuth inserted in the copper ring causes electricity by 
its interference with the equality of the currents, and not as a 
distinct effect. So that electricity would seem clearly to be con- 
nected with heat. 

But if electricity be thus produced by two imequal currents of 
heat, it should be stronger as this inequality is increased. Might 
it not also be reasonably expected to be strongest when this in- 
equality was greatest — i.e., when the weaker current of heat was 
altogether suppressed ? 

Thus I place the source of heat (say a gas flame) on one side of 
a copper hoop, and the galvanometer on the other side. But 
little, if any, electricity is evident. I interpose some substance 
on one side, so as to make the two currents acting on the gal- 
vanometer imequal, and I And that the needle moves more and 
more as I increase this inequality. But suppose I remove one 
side of the hoop altogether ; ought not the current to be still 
stronger ? But it apparently ceases to exist, and the result is 
simnly conduction of heat from the gas flame to the needle. 

This brings us back to the question — ^What effect can be pro- 
duced by heat passing roimd a metal hoop which could not be pro- 
duced by its passage along a simple rod of metal ? Thus, I attach 
one extremity of a length of copper wire to a galvanometer and 
heat the other by a flame. At the same time I take another length 
of wire, and fasten both ends to another galvanometer, so as to 
make a continuous hoop of copper, which I heat (at the point 
opposite the needle) by a flame oi equal power to the first one. 

The single copper wire conducts heat to the galvanometer, but 
does not produce any signs of an electric current ; neither does 
the double wire of the hoop, so long as the light and galvanomftt^^i: 
are opposite to each other, having equal leni^liJaB oiVa^ <2rcL^afisiRSL 
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side. But when I move the flame on one side nearer to the needle, 
or if I interpose any comparatively bad conductor, the needle is 
at once deflected. Assuming heat to be vibration^ and electricity 
to be arrangement, how can this be explained 1 

The heat travels from the lamp along the wire towards the gal- 
vanometer imtil it comes into contact with the foreign substance 
interposed. This is supposed to be a bad conductor of heat 
What does this mean? Is it not that the vibration does not 
travel so rapidly alon^ it? This is probably because of the 
greater difficulty in settmg the atoms in motion. The heat will, 
therefore, accumulate at t£e point of junction. What will be the 
effect of the accumulation ? Partly to raise the temperature, but 
partly also it will tend to arrange the atoms of the body. 

The ordinary apparatus, fig. 167, used for the production of 
thermo-electricity is the " thermo-electric pile," composed of a 
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Fig. 157. 

number of pieces of bismuth and antimony, so that a current of 
heat passing through the battery has to pass &om bismuth to 
antimony, and from antimony to bismuth again and again. This 
repeated interruption, accumulation, and conversion of heat pro- 
duces an electric current, and this may be made evident by the use 
of a magnetised needle or galvanometer. If a wire be fiEUBtened to 
either extremity of the battery, and connected with the galvano- 
meter^ the needle is deflected whenever the junctions of the bis- 
muth and antimony are heated or cooled. 

Why bismuth and antimony are used will at once be apparent 
from the following table^ wMch gives the order of power in a 
battery of this kino. 

Any two of these metals being used as elements of 
a thermo-electric battery, the one standing higher in 
the list here given would be positive to the lower 
one. Thus, tin is positive to gold, gold to copper, 
silver to iron, &c., so that necessaruy bismuth and 
antimony, being the extremes of the ust, will, when 
coupled, give the strongest current. 

The similarity of the reasoning here and in the 
case of the elements of a galvanic battery is at once 
apparent. In the case of the development of electricity by 
chemical affinity, the affinity of a metal for oxygen determines its 
place in the table. In the case of development of electricity by 
heat, what is it that determines the order ? Why is bismuth at 
the top, and antimony at the bottom of the list ? I will try to 
answer this question in the ^nal c^i&'^iQx* 



Bismuth. 

Platinum. 

Tin. 

Lead. 

Gold. 

Copper. 

Silver. 

Zinc 

Iron. 

Antimony. 
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(1.) Introduction. — ^Radiation is the giving off, in all direc- 
tions, of heat, light, sound, &c., and depends upon the surface 
rather than nature of the radiating body. In a perfectly dark 
room I bring together the carbon points of an electric lamp, and 
then slightly separate them. Instantly a bright light is pro- 
duced, whicn spreads throughout the room, reachii^ to every 
point of the walls, ceiling, or floor that is not hidden by any non- 
transparent body ; and even if any such substance prevent the 
light from reaching directly any jjart of the wall or ceiling, yet 
the part so hidden from the light is not perfectly dark, for the 
light bends round the screen more or less. If I enclose this 
electric lisht in a box having an opening (say a foot square) on 
one side, the l^ht will pass out through this, radiating as before. 
If I place this box near the wall, I produce on the wall a light of 
a foot square ; if I withdraw the box from the wall, the iflumi- 
nated space enlarges, but the light becomes less bright. When 
the distance &om the aperture to the wall is equal to the distance 
&om the light (t.e., the carbon points of the lamp) to the aper- 
ture, the lighted space on the 
waU will be 2 feet each way, 
or 4 square feet in size, but 
the lignt will be much less 
bright than before. The surface 
illuminated will be four times 
as creat, but it will be lit up 
with only one fourth the decree 
of brightness. As I draw the box 
still farther from the wall, I light 
up a still larger surface, but less 
brightly. 

fig. 158 shows a source of 
light shining on a screen at 1 
foot distance, and on another at 2 feet. The light that covers a 
space 6 inches square on the first screen, iUuminates leas bt^jii^ 
a space 12 inches square on the second. 




Fig. 158. 



266 RADIATION. 

(2.) liA-w of Inverse Squares. — Just as any given quantity of 
water will cover a small surface more deeply than a large one, so 
a given quantity»of light will light up more brightly a small than 
a large surface. And this is true whether light be a vibration or 
a read substance. Assuming the truth of the theory that it is but 
a vibration, the more vibration the more light ; but the larger the 
body of ether to be set in vibration by any given source of vibra- 
tion the more feeble the vibration will be, and consequently the 
less bright the light — i.e., the less effect will it have upon the 
nerves of the eye. 

Thus I construct a hollow pyramid 3 feet in height, and 
having a base of 9 square feet — i,€,, 3 feet in length and in 
breadth. I place the electric light at the apex, so that the 
rays of light fill the pyramid. II I put a screen across this at 

1 foot from the light, it will measure just 1 foot each way— 
t.e., 1 square foot. The space thus enclosed is filled with %ht 
— i,€.y the ether filling the interstices of the air is set in vibration 
with a force corresponding with the intensity of the light. This 
light falling upon tne screen will be more or less refracted reflected, 
and absorbed, according to the nature and surface of the screen. 
The reflected light will make the screen visible, and it may be 
seen if the eye be placed at any small opening in the side oi the 
enclosure. If now the screen be drawn farther from the light, it 
will have to be enlarged to cover the base of the pyramid At 

2 feet from the light this base will be 2 feet each way, or 
4 square feet. The light now fills the whole of the larger 
pyramid, there is a larger body of ether to be set in vibration, 
and the vibration is consequently less, just as any given motive 
power will move a large weight a less distance than a small one. 
The fEui;her the screen be drawn back, the greater will be the 
body of ether to be set in vibration between the light and the 
screen. 

It is not, however, merely because of its greater bulk of ether to 
be set in motion that the intensity of the light or vibration is 
diminished, but because of its increased lateral oimensions. Thus 
a certain area — say a square foot — of air is set in vibration, so as 
to produce a sound. As this vibration continues onwards its 
lateral area also increases, and the sound decreases ; but if the 
vibration be confined, as in a tube, so that it moves only longitu- 
dinally, and not laterally, the sound may be conveyed with but 
little diminution for considerable distances. Thus, by using a 
speaking-tube, a whisper from a room at the top of a bouse 
may be made quite audible in the kitchen, or vice versa. This 
speaking-tube is nothing more than a pipe which allows the 
longitudinal extension of the vibration, but prevents any lateral 
spreading, and consequent decrease in intensity. This may be 
illustrated by noticing the passage of anv liquid, such as water, 
through a narrow pipe that oecomes gradualljr wider and wider. 
If it he poured rapioly in at \i\kft hwhcont «iA,\fc^irill preserve its 
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original velocity bo long as the pipe remains unaltered in size ; 
but as it increases, so will the velocity of the water diminish. 
Just so with the vibrations of light, heat, and sound. If they be 
confined laterally, thejr continue with but little diminution of 
intensity, the original impetus sufficing to preserve them almost 
unaltered. But if they be free to expand laterally (t.e., to radiate), 
this original force is continually diminished by the force necessary 
to set into vibration the additional air or ether. 

That it is not the increase of bulk, but of lateral dimension, 
that decreases the intensity of light or heat, may be shown by the 
apparatus just described, of a source of light or heat placed at the 
apex of a hollow pyramid, so as to set in vibration the contained 
ether. We have seen that the light or heat decreases as the base 
of the pyramid is removed farther from the apex, and becomes 
consequently larger. We have also seen that the area of this base 
increases with the square of the distance from the apex. At 2 
feet it is four times the size it is at 1 foot, and at 3 feet 
nine times. But the amount of air contained in the pvramid 
becomes greater, not as the square, but as the cube, of the dis- 
tance. Whatever be the amount of air when the base is 1 foot 
distant, it is not four but eight times as great when the distance 
is doubled ; and not nine but twenty-seven times as great when 
it is trebled. If the base at 1 foot distance be 1 foot square, 
then the quantity of air in the 
pyramid is J of a cubic foot ; at 
2 feet distance the area of the 
base will be 4 square feet, but 
the quantity of air contained will 
be 2| cubic feet, or | ; at 3 k 
feet oistance the base will be 9 fl 
square feet, but the quantity of '' 
air enclosed will be 9 cubic feet, 
cry 

Tlius, in fig. 159 the volume 
of air between the light and the 
first screen is only ) of the vol- 
ume between the light and the 
second screen, estimating only the portion contained in the py- 
ramids. 

If the light or heat affecting the screen (or the base of the 
pyramid) depended upon the quantity of ether set in vibration, 
then the intensity of the Kght falling on it at 2 feet would be 
} of that at 1 foot, and at 3 feet -^ ; but we know by actual ex- 
periment that this is not the case. 

If it depended upon the surface lit up or heated, the decrease 
would be to ^ at 2 feet, and to } at 3 feet, and experiment 
gives these as the actual ratios. Therefore it may fairly be as- 
sumed that light and heat do vary inversely as tha «\\ii^^^*& xsc^^"^ 
which thej falL The same appears to be tiue oi ^xm.^^ ^cro^ 




Fig. 159. 
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the vibrations of air, which we call fiound, seem to be of a grosser 
and stronger character than those vibrations of the more subtle 
medium which we call light and heat This difference in nature 
makes the language used for one occasionally inappropriate to tiie 
other, but the differences are in the nature of tne vibrating 
medium, and in the causes and effects of the vibrations, and not 
in the laws governing them. 

It is often said that li^ht and heat decrease inversely as the 
area upon which they fall, because being spread over a laiger 
surface they are necessarily lessened in intensity in just that 
ratio ; just as any given quantity of water would fill a broad vessel 
to a less height than a narrow one. 

But the analogy is not complete, and it may be doubted whether 
the mere extension of the surface is the cause of the diminution 
of intensity either in the case of light or of heat Any analogy, 
such as between water and light, is necessarily imperfect, because 
one is a tangible substance, and the other but a state or condition 
of a substance. It would be as reasonable to push to a logical 
extent any analogy between a liquid and a vibration, as to insist 
upon one between the body of one man and the temper or influ- 
ence of another, or between the trunk of one tree and the shade 
cast by another. 

By no means could one gallon of water be made to counter- 
balance another, so that both should cease to exist ; but it is 
quite possible for two rays of light to produce darkness, by 
ceasins to exist as light. But though these two vibrations would 
each destroy the other, it would be the vibration, not the etiier, 
that would cease to exist Since, therefore, light can be destroyed, 
it follows that it is not simply because of the increased area that 
the intensity of the light is reduced in just the ratio of increase. 
If so, it would also fdlow that as the area was diminished Hie 
light would increase. Practicallv it does so, but not necessarily, 
as the increase may be prevented by the interference of another 
ray of light 

The real reason of the variation of light and heat inversely as 
the area of surface, is the greater lateral area of ether that has 
to be set in vibration by the original force. If a light be placed 
at the end of a long tube of small bore, having a bright inner 
surface, it will be seen by an eye placed at the other extremity 
with a brilliancy but little diminished by distance, for in this 
case radiation is prevented by the sides of the tube, and the 
vibration can extend only the lengthway of the tube. In this 
direction it is impelled by the light at the end, and as this is a 
constant force there is no loss or dmiinution. 

If now I fix at the end of the tube a funnel (which is really a 
hollow pyramid), the light, after passing through the tube with 
but little diminution, wiU, as soon as it enters the funnel, bezin 
to radiate, and will in the same ratio diminish in intensity. The 
action on the ether in the funnel, and the amount of light falling 
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upon a screen at its broad end, will be almost the same whether 
the light pass first through the tube, or the tube be removed and 
the light placed at the small end of the funnel. 

We might reasonably expect that just as light decreases with 
radiation^ so it would increase with condensation — i,e.y that if we 
can converge vibrations, the result will be an increase of intensity. 
We cannot do this by simplv placing the light at the wide end of 
a funnel and noting the enect at the narrow end, because it is 
necessary to have a body of ether already in regular longitudinal 
vibration gradually converged. But by placing at the end of a 
tube a funnel reversed, we may obtain tne necessary conditions. 
The vibrations continue along the tube and into the funnel. Some 
will pass directly through the narrow end on to the screen placed 
to receive them, and will illuminate it with the intensity due to 
them. Others will strike on the inner surface of the funnel and 
be reflected (and, if necessary, re-reflected) until they too pass 
through the narrow opening on to the screen, which will now be 
illuminated with increased intensity. Excepting the loss occa- 
sioned by these reflections, the whole of the light falling on the 
wider end of the funnel will be condensed on the smaller surface 
attainable by passing through the narrow end, and in this way 
may be illustrated the converse law of radiation. If the inside of 
the funnel be polished, most of the light will be reflected ; but if 
it be roughened and blackened, most of it will be absorbed. 

So that, finally, we may say that given any amount of vibra- 
tion Neither light or heat), the intensity of the light or heat pro- 
ducea will depend, not on the surface receiving it, but on the 
amount of lateral dispersion. Practically, the two are the same, 
but in theory there is an important distinction. It must be con- 
tinually kept in mind that Light, Heat, Sound, are not matter but 
fnotion. 

But the amount of lateral dispersion depends upon the distance 
from the point at which the radiation commenced. If at the 
distance of 1 foot, 1 square yard be illuminated, then at a 
distance of 2 feet, the illuminated space will be 4 square yards ; 
at 3 feet, 9 square yards — that is, tlie area affected varies 
(U the square of the distance. This is the law of inverse 
squares. 

Area affected, 1, 4, 9, 16, 25, 86, 49, 64, 81, 100, &c. 
Distance, 1, 2, 8, 4, 5, 6, 7, 8, 9, 10, &c. 

Intensity, 1, i, J, t^„ -^^ ^, ^, ^, ^y, yjj, &c. 

Whether the force be evident as heat, light, or sound, the law 
holds good. If I increase anv given distance, the area affected is 
increased, but the intensity of effect diminished, and both increase 
and decrease are as the square of the distance. I can take any 
distance as unity. If I take 1 foot, then at 4 feet I get 16 feet 
(a 4 X 4") of area affected, but a force diminished in intensity 
to A (» I X i). If I take this 4 feet distance, 16 feet area, 
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and ^ of intensitj, then at 8 feet I get 64 feet area (= 16 x 4), 
and an mtenaity of ,V (— y", x 1). If I take 3 feet as unity, then 
at twice that distance I get 36 
feet area (=9x4 = 36), and A 
of intensity C- } x i). 
In fig. 160, 6 inches squaie 
= 36 square inches), at ] foot 
'rom the light, becomes 12 inches 
squaie (=144 square inches) at 
8 feet At twice the distimce 
the extent illuminated is in- 
creased fourfold. At three tdmea 
the distance— 1. e., 3 feet, the il- 
luminated area would be 18* = 
324 square inches. 

(3.) Form of Hadiation. — It is usually said that radiation 
takes place in straight linee, the source of light or heat being the 
centre of radiation. But there are really no such lines. The 
vibration is communicated from the light to the ether all round 
it, and this light becomes the centre of a sphere of vibrating ethei, 
which eitendfl indefinitely far in every direction until some ob- 
stacle prevents its farther progreas. As to how far from its source 
this vibration, whether of heat, light, or sound, be perceptible hj 
OUT senses, depends upon the particular power of perception M 
each person. Probably no two people have exactly the same 
range of vision, hearing, or general perception, since probably no 
two eyes or ears are precisely equal in all respects of structure; 
and if two persons had eyes or ears exactly alike, there might still 
be a difference in the stmc- 
ture of the nerves or biaia 
that would prevent the men- 
tal impressions received be- 
ing exactly alike. 

It will help very much 
the fiill comprehension of 
the nature of light, heat, 
sound, &c, and of the lawa 
f governing them, if it he 
clearly understood that from 
every source of either of 
these the vibration is in Ae 
form of a sphere, of which 
the source is the cenlie; 
and IliBt this sphere extends 
indefinitely in eveiy direc- 

" "" tion, until stopped by some 

substance which is impenetrable by the particular vibration. Bnl 
even when thus, at any one point, brought to rest, the light, heat, 
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BOtmd, &c., will, oa it were, embrace the obstacle j and, if there 
be epace, will pass behind it from, either side. These apheres are 
ahown aa circles in Bg. 161. 

If there be no obstacle in the way of radiated light, heat, oi 
Bound, it continuea for an indeSnita distance, and probably eiiata 
long after it has become too much weakened by diSuBion to be 
perceptible by human senaea. It will be seen that radiation la 
precisely the same for heat, light, or sound, so far aa the method 
and laws are concerned. But they differ materially in the direc- 
tion, the amplitude, the velocity, and the number of the waves. 

If 1 be the poaition of the aoarce of light, heat, or sound, then 

2, 3, 4, &C., will be the successive spheres of motion generated. 
It it generalljr said that these concentric spheres resemble the 
coata of an onion, and are all of equal thickness — i.«., that the 
amplitude of each wave is constant. But I think a little con- 
sideration wUl show the probability of a continued thoi^h small 
diminution of amplitude in every successive wave. 

If I roll one marble againat another, it moves it __-.-,__ 
a certain distance. But if I roll it, with equal ^J^Sjg' ' 
force, againat two close together, it moves each a OOOO * 
certain distance, but less than it moved the one. 9^ | 
If now I place a group of marhlea as in Fig. 162, q i 

and impel another marble against the single one ^g igj, 
forming the apex of the triangle, that dehvers its 
force to the two marbles in row 2, half to each. From these the 
same force passes to the three in row 3, one-third to each, then to 
row 4, one-t'ourth to each, then to row 5, one-fifth to each, and so 
on, the total force applied to the whole number in each row being 
unaltered, but each successive at«m being urged, by diminished 

Now it is evident that 
the hollow sphere marked 
4 contains a g^ter number 
of atoms than the hollow 
sphere marked 3, and this 
a greater number than 2. 
If the same force t bat makes 
wave 1 makes also waves 

3, 3, 4, &c., then it is evi- 
dent that, aince it is divided 
amongst a continuously in- 
creasing number of atoms, 
it muat have upon each a 
continuously - diminishing 
force. Therefore the dis- 
tance it will move the 
stoma of each successive 
sphere will be less and leas 
— I.e., the amplitude of each 




wave will be less and less, 
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diminiBhing by veiy small amounts^ but still sorely diminishiiig, 
however slowly. 

(4) Amouiit of Badiation. — ^The amount of radiation de- 
pends on tbe surface^ and not upon the nature, of the radiating 
body. In this respect it resembles reflection. A smooth, bright 
surmce allows of the least radiation, and a rou^h dull one the 
most. Dish-covers, metal teapots, and such articles, all radiate 
heat, but the less in amount m proportion as they have smooth 
surfaces, and are kept brightly polished. If two covers be made 
of equal sizes and thicknesses, but one quite plain and the other 
engraved, it will be foimd that the plain surface radiates less 
than the other, the sharp edges and points of the engraved surface 
being so many centres of radiation---doors, in fact, for the escape 
of heat. 

A good radiating surface is usually a bad reflecting one, and 
vice verad, since the conditions of the two are opposed. Reflec- 
tion requires smoothness, radiation is better from a rough surface. 
Reflection, however, is like radiation in proceeding from the sur- 
face only. But in this, while they have one point of resemblance, 
they diner, in that reflected light or heat falls on the surface 
reflecting it, while radiated light or heat usually comes from 
within, through the body from whose surface it radiates. A 
vessel containmg hot water, a metal ball that has been heated, 
are examples of radiation of heat, while in the case of light it is 
not so easy to find an illustration of a radiating surface omer than 
the source of light itself. A candle in a lantern may be taken, 
but the light itself is really the centre of radiation. The lk;ht 
passing through the glass is really refracted light, refraction bemg 
only a change in the direction of radiation. 

A teapot filled with boiling water cools more or less rapidly 
when placed on the table; more rapidly if there be many points 
or other projections, less rapidly if it be smooth and well polished. 
If I varmsh the teapot, it cools more quickly ; so it does if I cover 
it with lampblack, whitelead, velvet, sealing-wax, flannel, or any 
rough or loose substance. If I substitute an earthenware or glass 
teapot for a metal one, I find the rate of cooling increased. 

(5.) Causes of Radiation. — ^Radiation of heat is really the 
action of the heated bodv on the surrounding air, the heat passing 
off through the air in all directions. Radiation of sound is pre- 
cisely the same, differing only in the number and size of the viDra- 
tions or waves. Radiation of light also is still the same. Assuming 
heat, light, and sound to be VH)ratioiis, then, whenever we have a 
body in vibration, it will give off in all directions the force derived 
from the vibratory state. I ring a bell, vibrations are nven 
off to the surrounding air in the form of sound-waves ; I light 
a candle, vibrations are g^ven off in the form of light-waves ; I 
BR a 1m can with hot water, Ni\>Td.^oiA «x^ ^^^w. ^^ m the fonn 
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of heat-waves. So that the only cause of radiation is the exist- 
ence of motion amongst the molecules of some body, which 
motion is continually transferred to the surrounding air. This 
transfer is radiation. As the bell comes to rest, the soimd- 
waves cease ; as the candle dies out, the light-waves cease ; as the 
hot water cools, the heat-waves cease. The motion at first existing 
in the bell, flame, and water is gradually spread out and diffused 
amongst all the bodies in the neighbourhood. 

When a fire is first lighted in a cold room, but little warmth is 
felt from it, but the room continues warm for some time after the 
fire has gone out. The heat of the fire is still really in the room, 
radiating from the tables and chairs and other furniture. At first 
the coals are warm, the furniture cold ; padually the room be- 
comes warm because the heat of the fire is trans&rred by radia- 
tion to every surrounding article, which then begins to give off 
heat in turn. So that every piece of furniture is as truly a source 
of heat as the fire itself, so long as it retains any heat. 

(6.) Besiilt of Radiation. — Radiation is simply the transfer 
of force, it may be as heat, as light, or as sound ; it may be in 
some other form. The one result is the transference from one 
place to another of a certain amount of force or energy. I light 
a gas-stove and the room becomes warm, radiated lignt has be- 
come heat, but the energy producing the light is transferred to 
the furniture of the room, or its walls, and there reproduces that 
energy as heat. I rinc a bell in the middle of a room, the sound 
is he«id far beyond tne room : the greater force of the sound- 
waves causes the radiation to pass through doors and walls, which 
suf&ced to confine the heat and light, and the energy is diffused 
much more widely, but no less surely. The only certain result 
of radiation is the transference of force or energy. The form in 
which this eneigy may reappear is not necessarily the same as 
before the transfer. 

(7.) Causes affecting Radiation. — ^We have seen (p. 272) that 
the radiation of heat from any vessel is determined in amount by 
the nature and contour of the surface. A silver tankard radiates 
less freely, when filled with boiling water, than an iron one. A 
leaden one would give off heat still more readily, especially if the 
surface were tarnished. A glass vessel cools very much more 
rapidly. Covered with paper, its power of radia- 
tion would be nearly a maximum ; and if I de- 
sired to get rid of the contained heat by the most 
rapid radiation possible, a coating of whiting or 
lamp-black would accomplish this. 

If we were asked what property, common to 
all these, decreased regularly from silver to lamp- 
black, or increased regularly through the same 
series, probably we should say the capacity oi \iCTL% y5^^^^> 

s 



Silver 


5 


Iron 


15 


Lead 


20 


Oxide of lead 


50 


Glass 


90 


Paper 


98 


Whiting 
Lampblack 


100 


100 
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of having the particles arranged in a perfectly level manner, was 
ereatest in the case of silver, and decreased through iron, lead, 
&c., to hmipblack. But it is probably the compactness, and not the 
smoothness, that retards radiation. 

The above list shows that iron radiates thrice aa readily. as 
silver, lead four times, glass eighteen times, and lampblack 
twenty times as readily. 

(8.) Nature of Kadiation. — The passage of heat through a 
solid we call co^tdriction, through a li<^uid either conditction or 
convection, but through a gas or air radiation. We may gay that 
radiation is coTidtiction through air, or that condtiction is radi- 
ation through a solid. If there be an ether whose vibrations alone 

are heat, then the communication of this 
vibration from particle to particle is Am* 
duction when the particles oceupjy the in- 
terstices of a solid, but radiation when 
they are diffused through a gas. If £ be 
a pyramid of metal and A a vessel of water 

E laced above it, then if a gas flame, or 
eated ball of iron, were placed at the 
point where A and B are in contact, the heat 
^- ^®*- would be conducted downwards through 

B, conveyed upwards through A, and radiated right and left 
through the air at C and D. 

The name radiation suggests the idea that the transfer of force 
is radial, spreading laterally wider and wider as it travels out- 
wards &om its source ; and practically it does so, but whether 
this is a necessity of radiation is at least doubtful. 

OOOOOOO Ifa row of marbles be moved by a force act- 
ing on one, the whole force will be transferred from marble to 
marble, less only what is lost in friction, but it is impossible to 
imagine a force acting only on one row of air particles ; we cannot 
conceive of one distinct row of aerial atoms as being acted on 
without any effect upon the particles right and left, above and 
below. 

It is much more easy to imagine that each particle acts upon 

several others, say three or four at least, the force of the one being 

diffused amongst the others, each having but a 

qOq share, and this share being the smaller as the num- 

^qOqOqO ber of particles acted upon increases. Therefore 

^OqOq the more compact the particles, the more would 

Oq there be to divide the force ; and the less compact, 

Pig 165 *^® greater would be the force communicated to 

each, and the greater force with which each would 

act on the surrounding air. 

In the case of projections, or points, just the reverse would be 
the case; the force would proceed from the greater to the less 
number. In fig. 165 the force proceeding from left to right would 
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be subdivided, and for each particle reduced; but proceeding 
from rigbt to left, would be condensed at the point A, which 
would move with more force accordingly. So that it ia probable 
that it is upon the compactness of the particles composing the 
surface, and not upon the smoothness of the surface, that the de- 
gree of radiation aepends. But since the smoothness is so much 
more easily observed than the compactness which it usually accom- 
panies, it is natural that the smoothness, and not the compactness, 
should be taken as the cause. 

If we assume the truth of the ether theory, then we may say 
that the more compact a surface the less room for the ether to 
occupy ; and the more porous the surface, the more room for the 
ether particles. So that here, as in so many other points, either 
of two theories explains the facts, and is consistent with them. 
But whatever be the true theory, the fact is, that every body con- 
taining heat is constantly giving off this heat by radiation. This 
is, however, only a truism. A heated body is a body whose par- 
ticles are in a state of vibration : to vibrate is to move ; particles 
moving must come in contact with the air, or whatever else may 
be in close proximity to them ; this contact must communicate 
force ; this force is really what is evident as heat ; when the 
force is transferred, the power of appearing as heat goes with it 

(9.) Examples of Kadiation. — The light and heat of the sun 
are conveyed by radiation ; so are the heat of a fire and the light 
of a candle. The formation of dew is another example. Durmg 
the day, heat comes to the earth from the sun ana is radiated 
a^ain from the earth. This radiation continues after the recep- 
tion of heat from the sun ceases — ^in fact, continues all night, if 
the night be cloudy, the clouds reflect back the heat again to the 
earth ; but if it be cool and clear, the heat passes away mto space, 
and the earth and the air near it become so cool that the water 
vapour contained in the air becomes condensed, and forms the 
water drops noticed on the leaves of trees, &c. So long as the air 
is kept in agitation by vibration {i.e,f heat), so long the water exists 
only as vapour, the invisible particles being scattered by the con- 
stant motion ; but when the earth cools {i.e., becomes still), these 
invisible particles of vapour congregate by mutual attraction, and 
become visible as water. 

(10.) iLawB of Badiation. — I feel more heat from a fire if I 
stand in front of it than if I stand at the side : the sun is hotter 
(i.e., gives us more heat) when it shines directly down at noon 
than when its heat reaches us, at morning or evening, sideways. 
In the one case (the fire), the heat going to the side leaves the bars 
making but a small angle with them ; in the other, the sun, the 
heat leaves its source at a right angle, but reaches, after sunset, 
at a smaU angle. In either case the heat communicated becomes 
smaller and smaller as the angle of departure or reception be- 



276 RADIATION. 

comes smaller. From experiments upon this point is derived 
the 

1st Law of Badiation. — The amount of heat derived from 
radiation varies with the cosine of the angle, either of departure 
or reception. 

The greater the temperature of the heated body, the more heat 
is given off by the radiation. The more energetically the particles 
move, the more force do they communicate to the surrounding 
medium. From this we get the 

2d Law of iRadiation. — The amount of heat radiated varies 
vnth the temperature of the heated body. 

The farther off I am from a fire, the less warmth I get in any 
given time; and the nearer I am, the more I get. This is an 
example of the law of inverse sauares. From this we get the 

8d Law of Radiation. — Theamouiit of heat received varies 
inversely with the square of the distance. 



SUMMAEY. 

(1.) Badiation is the giving off of force, either as heat, light, 
or sound. Page 266. 

(2.) Radiation is governed by a law known as the law of in- 
verse squares. Page 266. 

(3.) The radiating waves of force are usually spherical in 
form. Page 270. 

J 4.) The amount of force radiated depends on the surfeu^e of the 
iating body. The more compact are its atoms, the less force 
is radiated. Page 272. 

(5.) The motion of the radiating body is the cause of radia- 
tion. Page 272. 

(6.) The result of radiation is the transfer of force from the 
radiating to the absorbing body. Page 273. 

(7.) The term radiation is usually confined to the transfer of 
force through gases, but conduction and convection may be con- 
sidered as phases of radiation. Page 274 

(8.) Badiation, like all other actions of force, is governed by 
laws. Page 275. 
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(1.) Absorption. — If I allow light to fall on a bright looking- 
glass it is almost entirely reflected. If I remove a portion of the 
quicksilver from the back of the glass, the light is almost entirely 
transmitted — i,e., instead of being reflected it passes through the 
glass. Ify now, I cover the mirror with a piece of thick black 
velvet, the light is neither reflected nor transmitted, is no longer 
perceptible on either side of the glass, but is, as it were, swallowed 
up by the velvet. It mav be asked, " what becomes of it ? " for it 
must be recollected that force is as indestructible as matter. Light 
may be destroyed, or rather the impression of li&;ht may no longer 
be produced, but the vibration wmch produced it must produce 
some other effect instead, or assume some other form. 

We know that heat and motion are two phases of one and the 
same force ; that motion prevented assumes the form of heat. It 
is very probable also that neat and liffht are but two phases of the 
same force, and that light absorbed or destroyed assumes the 
form of heat. It must be borne in mind, however, that while 
heat and motion may be changed and rechanged into each other, 
light once absorbed seems to be but very seldom capable of reap- 
pearing as light. 

(2.) Colbur from Absorption. — Absorption is a kind of 
re&action ; it breaks up the intimate union existing between the 
several coloured rays of light, and so produces colour. Thus 
light falling on a piece of red glass becomes red thereby. That 
is, the glass absorbs all the light excepting the red ray, and that 
reaches our eye, giving us the form of the glass and associating 
with it the impression of red. This is the only reason we have for 
calling the glass red. The same is the case with other coloured 
objects. They derive theuj)eculiar colours from the absorption of 
all the other colours. The red glass reflects light as well as 
transmits it, and appears red on either side, but the light reflected 
from the first surface is white light. The colouring matter of the 
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glass, the constituent which absorbs the other rays of light, 
reflects some of the light that reaches it, and this, not the first 
reflection, it is that makes the glass look red from above, while 
the transmitted light passing through the glass is partly absorbed, 
and the remainder wholly consists of the red rays, which make 
the glass look red from below. 

It is to this same absorption and reflection combined that we 
owe the marvellous shades of colour which we find in flowers and 
fruit. The light falling on them is reflected after partly pene- 
trating their substance, and being partly absorbed both in entering 
and returning, gives the endless varieties of colour and shade 
which we see, and which probably could not be produced in any 
way by mere surface reflection. 

All that we understand by colour depends upon this absorption 
of some of the rays of light. Thus paper is wnite when it reflects 
all the rays of light falmig on it. A rose is white if it reflect all 
the light ; or red if it absorb all but the red rays. The colour of 
drapery, carpets, leaves of trees, and of everything that we call 
coloured, depends upon the absorption of all the light excepting 
the rays that have the particular colour. When we say that any 
thing is red, green, blue, &c., we ought rather to say that it 
absorbs all light falling on it, excepting only the particular ray 
or combination of rays that give the impression of red, green, or 
blue. 

(3.) Total Absorption. — ^When we say that anything is black, 
we mean really that it absorbs all the light and reflects none. 
Probably nothing is so completely black as to do this, but many 
things aosorb very nearly all the light they receive. Roughness 
seems to be very favourable to absorption, or, to speak more ac- 
curately, very unfavourable to reflection. Almost every substance 
reflects some of the light falling on it ; but if the surface be rou^h, 
some of these reflected rays cross each other, and others, fallmg 
again upon the surface (owing to its irregular surface^, are again 
pjurtly absorbed ; and in this way, by interference and continued 
absorption, most of the light is aestroyed as light, and but little is 
reflected. 

If I place myself in front of a cannon of small bore', and look 
into it, my face being a few inches from the mouth, I see nothing 
whatever. No light can enter, and consequently none can be 
reflected to my eye; so that it is literally true to say that 
though my eyes are wide open, I cannot see anything. 
The tube is before me, and appears perfectly black. This 
is not because of the absorption of light, but because there 
is no light to be either absorbed or reflected. This shows 
also that for any object to be seen it is not sufficient for it to be 
placed before the eye. If a rough black hat or coat be hung up 
in a room not well lighted, it may, with but very little exaggera- 
tion, be said that it is really invisible. I know exactly where it 
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is, and might well be excused if I declared tliat I had in my mind 
a very accurate idea of its size, shape, and general appearance, 
derived from the impression obtained by means of my eyes. All 
this is quite true, and yet it is doubtful if I can with accuracy be 
said to see the coat Supposing it to be hung against a white 
wall, tiiat portion of the wall behind it is invisible to me, but the 
shape of this portion is accurately defined by the outline of the 
coat Since this piece of wall is the shape of the coat, I get from 
this an idea of a coat ; and so with anything else that is com- 
pletely black, I get an idea of its form and character, not so much 
from the light reflected from it, as from the fact that I cannot see 
what is benind it. Thus if I place a circle, or diamond, or cross 
of black paper on a white sheet, I get my notion of the form of 
the circle, aiamond, or cross, not so much by seeing it, as by not 
seeing the white sheet behind it. 

(4.) Absorption of iLight. — A black curtain absorbs light, 
but does not become limiinous. It also absorbs heat, and does 
become heated. Is it that absorption of light differs from absorp- 
tion of heat — ^that one is destructive and the other collective ? 
A body that absorbs heat is thereby heated as a sponge that 
absorbs water becomes wet. In this case absorption means merely 
the arrest and collection of the heat. What becomes of the light 
absorbed — i.e., arrested and not collected ? 

The explanation is simple. Light absorbed ceases to be light 
and becomes heat. A little consideration will make this easy to 
comprehend. Heat falls on a polished steel mirror, and is re- 
flected, just as light would be. It falls upon a rough blackened 
surface, and is not reflected, but absorbed. The steel surface that 
reflected the heat was not itself warmed by the heat so reflected. 
But the rough black surface that did not reflect the heat is itself 
warmed by the heat not reflected, but collected. The cable tank 
of the Great Eastern fell 8° F. when the outside of the ship was 
fresh whitewashed on her voyage to Bombay in the early part of 
this year, 1870. 

So light falling upon the polished steel surface is reflected, and 
the steel reflecting surface is not affected by it. Light falls upon 
the rough blackened surface and is not reflected, the surface being 
heated by the absorption. But it may be asked if the absorbed 
heat warmed the aosorbing surface, why does not the absorbed 
light make it bright ? Because light is only light when it enters 
the eye. Light that does not do this, that does not act on the 
optic nerve, ceases to be light. Absorbed light cannot do this, 
for if it could it would not be absorbed. It ia the very essence of 
absoi'ption that it is the reverse of reflection, or of any form of 
radiation. 

The phrase " absorption of light " may therefore be said to be 
equivalent to " conversion of light into heat," and might we 
not be tempted to say that light was simply visible heat ? 
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(5.) Amount of Absorption. — This, as in the case of ladia- 
tion, depends upon the surface rather than upon the nature of the 
body upon whicn the vibration falls. This is equally^ true whether 
the vibration be that of sound, heat, or li^ht It is simply that 
force of any kind falling upon any body is reflected or refracted 
according to the ordinary laws of mechanics. If the surface be 
bright and smooth, almost the whole of the force will be reflected, 
not so much because of the smoothness as because of the compact- 
ness which renders smoothness possible. If the surface be rough, 
these reflections are in various directions (being, in fact, what is 
technically termed " scattered "), and so partly intersect and neu- 
tralise each other ; if the substance be oi loose texture, then the 
force passes inwards from particle to particle instead of being 
reflected. 

A cannon-ball striking against solid masonry is reflected (unless 
the masonry be too we£Ui to resist the force), but the same ball 
striking an earthwork is buried in it. The one is an example of 
reflection, the other of absorption. In the one case, the greater 
part of the force is spent in throwing the ball back ; in the other, 
it is almost entirely spent in compressing the comparatively loose 
earth. In the one case the particles (of stone) are compact, and 
no particle can move far without coming into contact with the 
next ; in the other, the particles (of earth) are separated by far 
greater intervals, and the motion communicated to each particle is 
abstracted from that of the ball. It is not that the mound of earth 
absorbs the ball, but that the ball has more power to penetrate the 
earthwork than the earthwork has cohesion to resist its passage. 
In the case of the stone wall the reverse is the case ; the power of 
cohesion is greater than the power of penetration. 

So that while reflection is an appropriate term where the reflect- 
ing body controls the motion oi the impinging body, it is not so 
clear that absorption is so suitable where the absorbed body exerts 
the controlling force. One might be tempted to suggest Pene- 
tration as a better term, if it were not that such a step would be 
certainly presumptuous, and probably confusing. 

(6.) Causes affecting the amount of Absorption. — 

Retaining therefore the term absorption^ we have to consider what 
circumstances control the amount of force absorbed. A moments 
consideration will show, that of any given force falling upon a 
body, that part which is not reflected will be absorbed, ana that 
part which is not absorbed will be reflected ; in fact, that the 
whole force is divisible into two parts — one reflected, one absorbed. 
So that 

F=R-t-A, 

where F is the whole force, R the reflected portion, and A the ab- 
sorbed portion. Therefore also, 

R=F-A and A=F-R^ 



RESULTS OF ABSORPTION. 281 

from which the amount absorbed depends upon the amount re- 
flected. Therefore whatever favours reflection is unfavourable to 
absorption, and vice versa. Absorbed force is often transmitted, 

(7.) Besiilts of Absorption. — ^Light falling upon a mirror 
is reflected, the result being that the mirror is not so much 
affected b^ the force as it woukl be if the force had been absorbed.. 
Light falling upon thick black velvet is absorbed — the light ceases 
to exist as light ; therefore we may reasonably ask, What becomes 
of it ? The curtain is more aflfected by a force it is said to absorb 
than by one which it reflects. What is the result of this absorp- 
tion upon the curtain? It is not illuminated, but it is set m 
motion. This motion is not necessarily a waving to and fro of the 
curtain as a whole, but rather a tremulous motion of its particles 
— a vibration of each as the light falling on it is reflected, re-re- 
flected, and destroyed as light, owing to the roughness of the surface. 

This vibration is evident to the sense of touch, for the curtain 
is felt to he hecUed by the absorbed Hght. One result of absorp- 
tion of light is, therefore, heat. 

Heat falling on a mirror is in like manner reflected, and falling 
on a substance having a loose porous nature is absorbed. Al^ 
sorbed light becomes neat. What does absorbed heat become? 
It does not necessarily cease to be heat. When light ceases to be 
light, and becomes heat, it does no more than pass beyond the 
limits within which it is perceptible by our eyes. There is no 
sudden change in the vibration at the time of its ceasing to be 
light. If the vibration had a conscious existence, it could not tell 
at what particular instant it passed the limits between light and 
heat. Just as a bird passes a window, Just as a star passes the 
field of a telescope, just as a railway tram passes into and out of 
sight, so may a certain vibration pass into or out of our field of 
vision. The change is one for us, and for us only ; it takes place 
only in our sensation, and is altogether a matter of consciousness 
on our part. 

Imagme a man shut up in a large room with one window 
through which light came to him, but which he could not ap- 
proacn. Imagine people throwing stones about in all directions, 
up and down, right and left Omy those that passed across the 
window would be seen by the prisoner. He would know exactly 
when and where he saw one of the stones, but the men throwing 
them would not know which he saw, still less the exact times at 
which each became visible to him, and ceased to be so. Just so 
by our sense of sight are we conscious only of those vibrations 
that act upon the eye, and even then only of those between certain 
limits of rapidity. 

Absorbea light, we see, is heat ; absorbed heat is also heat. But 
these two may be grouped together by saying that the absorption 
of motion is heat — i,e,, vibration. This simply amoimts to saying 
that absorbed motion is retained, not transmitted or reflected. A 
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velvet curtain receives a certain amount of vibration either as heat 
or light, and it absorbs — i.e., retains it It is not sent through, or 
it would be transmission ; it is not returned, or it would be reflec- 
tion. The curtain is not able to reflect the force ; the force is not 
able to move the curtain as a whole ; but it is able to set in motion 
the particles of the curtain amongst themselves. Just as, when a 
eannon-ball is absorbed by an earthwork too weak to reflect it 
and too thick to be penetrated, the force is spent in moving the 
particles of earth amongst themselves. This motion of the par- 
ticles, without the motion of the curtain as a whole, is heat. So 
that absorption really means that a force too weak for penetration 
and too strong for reflection is spent in vibration of the particles 
of the body into which it penetrates. 

(8^ Examples of Absorption. — In the spring of this year, 
the Great Eastern, when conveying the Indian Telegraph to Bom- 
bay, had a fresh coat of whitewash before entering the harbour. 
The immediate result of this was a fall of 8° in the temperature of 
the tank containing the cable. The sun's rays falling on the hull 
had been absorbed more bjr the dirty than by the clean surface, and 
this absorption became m time so great as to be transmission. 
Another example is the difference between light and dark coloured 
clothing. A dark coat is warmer than a white one of the same 
material, but not because it is dark. Its darkness and its warmth 
are two consequences of the same cause. The heat and light 
falling on it are absorbed ; therefore it is both warm and dark 
A light coat reflects, more or less, the heat and light ; therefore it 
is both light and cooL The formation of colour, generally speak- 
ing, is an example of absorption. A ray of lig;ht tails on a flower, 
and is partially absorbed, the part reflected giving to our eye the 
sense of colour. But we must be on our guard against the pos- 
sible error of considering white light as a reality compound^ of 
various coloured lights. I have already spoken of this on page 
118. 

Can sound be absorbed ? If so, what becomes of it ? An om- 
nibus makes more noise on an ordinary road than on a tramway, 
and can be drawn with more ease on the tramway than on the 
road. Here the noise is as much the result of force applied as the 
motion. Part of the force moves the omnibus, part produces 
sound ; motion is transferred from the horse to the vehicle, from 
the vehicle to the groimd, from the ground to the air, from the 
air to the ear. But if there be no ear to receive the sound there 
is none. What becomes of it ? Clearly it is absorbed, just as heat 
or light would be under parallel circumstances. 

Wnile a carriage passes my window I cover my ears, and con- 
sequently do not hear it. The vibrations that, falling on my ear, 
would have been sound, now fall on my hands and are partially 
reflected, but chiefly absorbed. Through the open door of my 
room I hear a piano being pV^^^^ ysv^Jcl^ tlkxX, ^c^qixsv. I shut the 
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door and can scarcely hear it. The sound falling on the dooi 
is partly reflected, partly absorbed, and partly transmitted. 
That is, a sound-wave falling on the door does three things : (1) 
Sends back a smaller wave, reflection : (2) sets up a smaller wave 
on this side, which is audible to me, transmission : (3) sets in 
motion, amongst themselves, the particles of the door, absorp- 
tion. 

(9.) Nature of Absorption. — A sponge put in water absorbs 
some of it, and the water so absorbed will remain in the sponge, 
and require some force to recover it. Apiece of leather or of bread 
will in like manner absorb and retain some of any water into 
which it may be placed. If I put the sponge, or leather, or bread, 
imder the tap of a cistern, and turn the water on, some of it will 
be reflected, some absorbed, some transmitted. That is, some will 
rebound from the surface, some pass through, some will remain 
within the interstices of the sponge or leather. 

Just so force is reflected, transmitted, and absorbed, by almost 
every substance in nature. Just as the water absorbed can be re- 
covered, so can the absorbed force. Just as the water gradually 
disappears, leaving the sponge dry, so will the force be gradually 
diffused. 

In football it often happens that the ball is for a time almost 
motionless under the innuence of a number of conflicting forces, 
moving only short distances from boy to boy. Just so absorbed 
force consists in the motion to and fro of the particles of the ab- 
sorbing body. But this absorbed force is given off little by little. 
As the motion of the particles amongst themselves reaches one of 
the outer particles, it is given off to the surrounding air. 

So that absorbed force is no more than the parallel to latent 
heat (v, 86). We might call latent heat absorbed heat, or might 
call aosorbed force latent force. The term absorbed force means 
a force that is not appreciable to our senses, and has no effect 
upon anything but the particles of the absorbing body. 

(10.) Absorption by gases. — Heat and light pass through air 
with but very little loss — ^.e., the air does not absorb any very 
perceptible portion of any heat or light passing through it. The 
same is true of hydrogen, oxygen, ana nitrogen. This led to the 
idea that gases were perfectly diatherraanous. But chlorine, hydro- 
chloric, and carbonic acids, and especially ammonia, are found to 
absorb, by comparison with air, considerable quantities of heat. 
Thus, considering ammonia to absorb any given quantity of heat 
in any given time, an equal quantity of hydrochloric acid will 
absorb, in the same time, only ^ as much, and an equal quantity 
of carbonic acid only about •^. Chlorine would absorb about ^tf, 
while air, oxygen, nitrogen, and hydrogen, would each absorb less 
than Y^^v ^ much as the ammonia. 

The method of estimating the amount oi a^iaoTgl\.\oTt^a ^^cn 
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delicate one, reqniiing great care. It consists, essentially, of a 
tube full of the given gas, through which a given amount oi heat 
is allowed to pass. The effect of the transmitted heat upon tiie 
thermopile at the end is taken as a measurement. 
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(1.) Introduction. — In order to fully understand how light, 
heat, sound, &c., can be reflected, we must grasp firmly the idea of 
what is meant by reflection. To de-flect is to tend away, to turn 
anything out of its original direction ; to re-Jlect is to do this also, 
but to do it so that the thing turned out of its course is sent more 
or less back again towards its starting-place. 

A ball thrown against a wall comes back again ; the wall pre- 
vents its passage farther in its first direction, but the unspent 
force urges the ball on in the only direction it can move, which 
is from the wall more or less towards the starting-place. Force 
cannot be destroved any more than matter, though it may be 
changed in its character. A croquet-ball striking against the 
hoop does not come to rest, for the safhe force that would have 
sent it through the hoop now drives it in another direction. 

So a ray of light, or of sound, or of heat, falling upon any sub- 
stance that it cannot penetrate, is bent on one side — i.e., reflected. 
This reflection is just as real as that of a ball from a wall, though 
there is the great difference that with the ball there is a transfer 
of matter, the ball changing its place ; while in the case of heat, 
sound, or light, it is motion, not matter, that is transferred. This 
may be illustrated thus : Until quite recently, bells in houses 
have been rung by means of wires and bell-puUs. I want to ring 
such a bell, and I pull a cord ; this pulls a wire, the other end of 
which is fastened to the bell, which is moved on one side by my 
pulL A sprinc pulls the wire and bell-pull back to their original 
position, and the bell, being suspended loosely b^ means of a bent 
spring, is set in vibration. Here the result is ef^cted by means of 
a transfer of matter to and fro ; the wire is moved bodily first in 
one direction and then back afi;ain. 

If now, instead of this method, I use the modem one of con- 
necting the bell and my hand by means of an electric wire, I 
ring the bell, not by moving the wire lengthways qa Vk^fcfSfc^^Ts^. 
by setting in vibration eitner the wire itae\i at ^oTEi& ^ks^n^^ 
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medium filling its interstices — which, it is not clearly known 
yet. The wire itself remains stationary, excepting, it may be, the 
slight tremor of each particle. In the one case I cause a transfer 
of matter — i. e., I move the wire bodily ; in the other, only a 
transfer of motion — i,€., the wire remains stationary, but a tremor 
runs along it, each part being set in consecutive vibration. 

The fact to be grasped now is that this tremor, this agitation of 
the consecutive particles of a body (or of some ether between them), 
can be conveyed, bent round, turned to and fro, sent hither and 
thither, just as really as an actual substance can be moved from 
place to place — i.e., motion can be transferred in exactly the 
same way, and subject to precisely the same laws, as matter. 

This transfer of motion may be well illustrated by transferring 
heat, light, sound, from one place to another. This may be done 
by using reflectors — i.g., substances which do not transmit or 
absorb much of the vibration falling on them, and which con- 
sequently reflect the greater part of it. 

(2.) Parabolic BefLection. — I take two parabolic reflectors, 
and place them opposite each other at a dist^ce of some yards. 
The reflectors are of metal, silvered inside and brightly polish^, 
that bein^ the best substance for reflecting purposes. Their fonn 
is parabolic, because this form has the property of reflecting in 
parallel straight lines, which enables me to reflect light, &c., to 
any greater or less distance without convergence or divergence. 




Fig. 166. 



Having arranged my reflectors so that they are exactly opposite 
each other, I place in the focus of one any source of light, heat, or 
sound. I may put my reflectors on two chairs leaning against the 
backs, one at either end of the room (or on the floor), and place a 
spirit-lamp on one chair in the focus of the reflector. Where this 
point is may be easily ascertained by moving the hand about in 
front of the reflector, and noticing where it receives most light 
This point is the focus. I find the focus of the second reflector in 
the same way. Fig. 166 shows the reflectors A and B with foci 
a and 6. 

I put a spirit-lamp or a candle in one focua. The light and 
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heat fall on the reflector, and are reflected in straight and parallel 
lines. These are received on the surface of the second reflector, 
which isplaced so as to intercept them, and are converged to the 
focns. Tne image of the lamp will be seen in a small mirror 
placed at the focus, and a delicate thermometer placed there will 
rise from the heat falling on it. Removing the lamp, I place a 
watch in its place, and find the sound of its ticking to be carried 
to the focus of the second reflector just as the light and heat were 
before. 

From these simple experiments it is evident that the vibrations 
which we call light, heat, and sound are capable of being moved 
from, place to place, and diverted and reflected at pleasure. The 
same may be shown in a much rougher manner by means of any 
reflecting substance. A candle-end and a polished saucepan-lid 
will illustrate the reflection of light and heat in many ways. . 

(3.) Instances of BefLection. — ^The practical illustrations of 
the reflection of light and heat are innumerable. A light near a 
dark wall is half wasted through the absorption of li^t bv the 
Wfidl ; if a mirror be pltwed between the light and the wall, the 
whole of the light is thrown into the room, partly by radiation, 
partly by reflection. A bedroom candle placed before the look- 
mg-glass on the dressing-table gives much more light in the 
room than when placed beside it. On the Underground Eailway 
in London, light is carried down from the street by being reflectea 
from a series of glazed porcelain surfaces, just as a stone thrown 
against the side of a well would rebound &om side to side until 
it reached the bottom. 

If a brightly-polished coffee-pot or dish-cover be placed beside 
a dirty one, the same amount of light will fall on one as on the 
other, but one will give us a reflected image, the other will not 
The light falling on one will be regularly reflected, that falling on 
the other will be partly absorbed by the dirt, the remainder being 
reflected irregularly — i, e., regularly so far as obedience to the law 
of reflection is concerned, but irregularly in direction, because the 
surface is not smooth. Light thus diffused by irregular reflection 
is sometimes called scattered light, and it is this light that enables 
us to see non-luminous objects. 

I enter a shop, one end of which is entirely covered by a mirror. 
Every object in the shop is apparently doubled, and 1 have the 
impression of a shop twice the actual size. The mirror itself is 
invisible to me if it be a good one, and all I see, when looking at 
it, is the reflected light falling on it from the various objects be- 
fore it AJl the light so falling on it is either reflected regularly 
or transmitted. Well-cleaned windows are usually invisible from 
the same reason, all the light being transmitted or reflected. But 
if the mirror be a bad one, if it have blemishes or irregularities on 
its surfaces, these produce irregular reflection or scattering of the 
light, and from tins light the mirror itself becomes visible. 
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Beading a book by a window thioush which the BTin was 
brightly sninin^, I once noticed two smm and bright circlets of 
light moving aoout on the page nearest the window, which was 
somewhat darkened by shade. I was puzzled for a time to account 
for these, until I found them to be reflections from two diamonds 
in a finger-ring. These reflected the sunlight so completely that 
the specks of ught were as bright as if the light had fallen duectly 
on the page, and were no larger than the reflecting surface. 

(4.) Formation of Images by BefLection. — Regularly re- 
flected light conveys the image of the source of light, so that if 
all objects were perfect reflectors none would be visible but those 
that are self-lummous. If the moon were a mirror, we should see, 
not the moon, but a reflection of the sun. But the light is not 
all regularly reflected from the moon, because its surface is not 
smooth, and so the light falling on it conveys the image of the 
moon and not of the sun, since the extent and arrangement of 
the reflected vibrations are determined by the size and shape of 
the moon and not by the sun. 

Light from a candle or gas-light falling directly on a mirror 
conveys the image of the candle or gas-light. But if it fall first 
on a table or chair and then on the mirror, it conveys an image 
of the table or chair, because it is only partljr reflected, and the 
extent and arrangement of the reflected vibrations are determined 
by the size and shape of the reflecting object, the other part of the 
light being absorbed or scattered. By the scattered light the tahle 
or chair itself is rendered visible. 

If now I replace the mirror by a picture, the light, either from 
a gas-light or a table, or from any other object, will no longer 
convey any image of the light, table, &c., but will be rearrangBd 
by the picture, and will convey the image only of that. But if 
it be framed and glazed, there will be, in addition to this image, 
a slight reflection of other, objects from the glass acting as a 
mirror. 

From a metal reflector there is but one image conveyed, from a 
glass one two images are reflected ; that from the second surface 
being usually the greater and clearer. Bringing a metallic sur- 
face in close contact with this second surface, I increase this re- 
flection by substituting the reflection from a good reflector, such 
as a metal, for that from a bad one, such as air. This is what is 
really done in making looking-glasses. The light passes through 
the glass, and is reflected from the silver sunace behind very 
much more clearly than from the front surface of the glass. 
In any shop window I can get a reflected image of my face, but 
from one having any article of metal, or any omer good reflector 
behind it, I get a better image, because of the greater reflection. Or 
if there be a good absorber of light, such as a black hat or coat, I 
get also a better image, because of the absorption of light not 
directly reflected, and consequent greater clearness of reflection. 
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Light is not reflected from any object as a whole, but from each 
point of it. The ray of light from each point foUows the law of 
reflection qnite independently of all the others. So that if the 
object be placed in the focus of a parabolic reflector, it will be 
reproducea as an image at the focus of another by the regidar 
rdection of the rays of light. They will travel side by side 
reproducing the fi^re when brought to a focus. The number of 
rays of l^ht in a given space depends upon the size of the mole- 
cules of &e body whose vibrations produce light. 

(5.) Practical utility of BefLection. — In measurement of 
minute changes of position, the reflection of light is of exceeding 
value, as givmg an accuracy veiy much beyond that of ordinary 
means of measurement. Thus, I want to measure a very small 
angle, such as that of a crystal. One way would be to place the 
ciystal between the legs of carefully-made compasses, ana to mea- 
sure the an^ar distance on a circular arc. But by usine the 
reflection of light as a means of measurement I get a more delicate 
and accurate measurement. The least projection or roughness on 
the compasses or the crystal would affect the accuracy of the re- 
sult ; but light is reflected hj the whole face of the crystal, and 
an^ slight projection or foreign substance would be detected by 
this,, instead of being a source of error. 

Placing the crystfu so that light falling from some given point 
on it is reflected, and noting the exact point to which the reflected 
ray proceeds, I turn it round until the same light falling on the 
second face of it is reflected to the same point. The distance 
through which I have turned the crystal, measured on a circular 
arc, gives the exact angular measurement. 

In measuring the expansion of a soUd by heat by the use of a 
pyrometer, the reflection of light gives a means of delicate mea- 
surement in the same way. In the pyrometer a soHd is heated, 
and the amount of its expansion lineally is the test of the tem- 
perature to which it is exposed. The use of the thermometer is 
Sapossible. because mercunr vaporises at very high temperatures, 
for the measurement of which the pyrometer is therefore used ; 
but the expanding substance being necessarily a solid, the expan- 
sion is but little as compared with that of mercury in the thermo- 
meter. It is necessary, therefore, either to magnify this expan- 
sion, or to use exceedingly delicate means of measuring it. The 
first has usually been done by means of a series of levers of un- 
equal lengths, so that the expansion has been multiplied ; but this 
evidently opens the door to numerous sources of inaccuracy, even 
when the greatest care is taken. But by using the reflection of 
light as the means of indicating the extent of expansion, we can 
measure it at once. The substance to be heated is in contact with 
one end of an arm, the other end of which is fixed. The expan- 
sion of the heated substance necessarily turns this rod round its 
fixed end as a centre, though but a very small space. The upper 

T 
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end of the rod is a mirror upon which falls a ray of li^^ from a 

fixed point. As the rod moves, 
so does the minory and so does 
the reflected ray of light ; and its 
change of direction marks the 
angimir movement of the rod, and 
from this the movement of its 
free end, and consequently the 
expansion of the heated substance, 
m^ be calculated. 

Fig. 167 shows an ordinary py- 
rometer. In the amuigement for 
measurement by reflection the 
scale Ib replaced by a mirror on 
the index, and a Ught is placed 
so as to fSeJl on this mirror and be 
reflected to a screen, on which 
the scale is placed. The amomit 
shown by the scale must be 
divided by two, because the light 
moves tiirough twice as great an 
Hg, 167. angle as the mirror. 




(6.) Beflection of Heat and Soimd. — I have described 
somewhat fully the reflection of light, because it is so much more 
readily observed than the reflection of heat, and much more easily 

Produced than that of sound, but both heat and sound are re- 
ected according to precisely tJie same laws. We are sensible of 
heat only by our sense of touch, and this is a much grosser and less 
trustworthy sense than sight. Of light we are sensible by means 
of our eyes, and onljr so ; while we have no special organ of feel- 
ing, by means of which alone we are personally sensible of heat 
To test the presence of heat, and to measure its amount, we are 
therefore obliged to depend on apparatus. But when we do 
this, we find that the reflection of heat is as real as that of light 
One of the ^reat moral results of physical science is this learning 
that natund phenomena are far wider and more universal than 
our knowledge of them ; that our senses give us only the power of 
perceiving a little, but a very little, of the more striking and de- 
monstrative portion of what is in operation around us ; that we 
must not try to measure the universe by our measure, nor to 
liirdt it by our comprehension of it. 

If I use the two parabolic reflectors, of which I have already 

spoken, for observations on the reflection of heat, I must call in 

the help of apparatus, since the heat-rays are not visible. The 

source of heat, to be placed in one focus, may be a gas-light, a 

candJe, a spirit-lamp, ox may \>^ ^.V^^Xa^'W^ oixsk&XAL^ & tin can- 
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ister of water, or &dy other substance radiating heat Idght is 
quite unnecessary. For the measurement of the heat so reflected, 
one of the most useful instruments is a differential thermometer, 
which is a glass tube bent so as to form three sides of a square, 
and terminating in two hollow globes. This is usually mounted 
on a wooden foot, so that it looks something like a very laige and 
wide tuning-fork. The glass tube is partimv filled with a liquid, 
coloured so as to be more conspicuous, l^he remaining space, 
consisting of the two spheres ana the parts of the tube nearest to 
them, contains only air, but the whole is perfectly closed so as 
to completely exclude the external air. The instrument, therefore, 
always contains exactly the same quantity of water and air, the 
water being practically incompressiJble, but the air readily so. If 
one of the bulbs of glass be heated, the air will at once expand by 
reason of its increased temperature. But to do this the air in the 
other bulb must be compressed to allow of the water, which is 
driven down one side (by the expansion of the air) to rise in the 
other. 

Fi^. 168 shows a differential thermometer on a small wooden 
stand, and having two wooden re- 
gisters, one below each bulb. The Q 
water-mark falls in one as it rises 
in the other. One is marked from 
the top downwards, the other from 
the bottom upwards. 

In this way the coloured water 
moves to and fro, giving ready 
and accurate evidence of the pre- 
sence of heat. So delicate is this 
instrument, that the warmth of 
the hand is quite sufficient to 
cause a rapid expansion of the 
air, and consequent depression of pig, itj8. 

the water. Such a measure of 

heat placed in the second focus of the reflectors will give evidence 
of the transfer of heat, if any take place. 

Placing in one focus some source of heat, and in the other one 
bulb of the differential thermometer, I find at once that the air in 
the bulb expands, as is shown by the movement of the water. 
The other bulb will be unaffected by the heat, because it will be 
out of the focus, to which all the heat is reflected. It might be 
thought at first that the heat came direct from one focus to the 
other, but if so, the water would move in the contrary direction 
to that which it does take ; and, moreover, that this is not the 
case may be shown by interposing a screen, first between the 
source of heat and the thermometer, when it has no effect ; and, 
secondly, between the thermometer and the reflector, when the 
supply of heat will be at once cut off, and the thermometer will 
slowly recover its equilibrium. This shows conclusively that 
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the heat travels from its source to the first reflector, thence to the 
second, and thence to the thermometer. 





Fig. 169. 

If instead of the thermometer I place gunpowder or phos- 
phorus in the focus of the second reflector, the reflected heat 
will (if the supply be sufficient) explode the gunpowder or in- 
flame the phosphorus. But I may also place a suostance that is 
colder than the thermometer, such as a freezing mixture, ball of 
snow, &c. In this the thermometer will be affected conversely, 
and the bulb near the reflector will be colder than the other. 
This used to be accounted for by saying that the snow had 
radiated cold just as the sim radiates heat. But a more rational 
explanation is, that the snow being colder than the thermometer, 
the previous condition of things is reversed, and the thermometer 
becomes by comparison the heated body, and radiates heat to the 
snow, which melts gradually. 

(7.) Double Reflection. — I place a candle before a mirror, and 
I see the reflection of it in the glass. I place another mirror on 
the opposite side of the candle, and I now see many images in 
each glass. Firstly, there is the direct image from the candle in 
each mirror, and each of these is again reflected in the other mir- 
ror, and each of these re-reflected images is a third time reflected, 
and so on, multiplying the number oi images until they are too 
distant to be perceptible. But why do not mese images coincide ? 
Why should the result be more than to intensify the light in the 
mirrors ? If the eye could be where the candle is, that would be 
the only result. There would be but two images, each much 
brighter than if but one mirror be used. But if the eye be any- 
where else, it receives the impression of two series of images, m 
lines at right angles to the surface of the mirrors. And for this 
reason : It is explained ^page 296) that any object seen in a mirror 
appears to be as far beuind the mirror as it really is in &ont of 
it. This will explain why I see a series of images when I use 
two mirrors. Thus I place a candle between two looking-glasses, 
at a foot distance from each. In one mirror I set an image A 
re&ectedf and in the o1^\ienc osi Ymfii%<&'^. ^Sa& ^1 tSieae ap- 
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pears to be one foot behind the minor. But when I get a reflec- 
tion of each of these, each reflected image appears to be more than 




Fig. 170. 

a foot behind, because the image of which I see the reflection is 
more than a foot before it. In the first case I see the reflection of 
an object 1 foot distant, and in the second the reflection of an 
image in the other mirror which is itself 2 feet distant. In 
this way each successive image appears to be more and more 
distant. Fig. 170 shows the lines ofreflection. 

Instead of keeping the mirrors parallel, I place them at an 
angle of 60®. The images are no longer in a straight line, but 
curved. They follow the same law of formation as before, but 
the different arrangement of the mirrors produces a different ar- 
rangement of the images. The lines of reflection are shown in 
fig. 171, only the curve should be a circle passing through the 
object, and luiving as a centre the meeting-pomt of the mirrors. 




Fig. 171. 



This is the arrangement of the kaleidoscope, m ^A^Osi^V^ 
placing two email mirrors at an angle oi ^ , ee^ ^ydX» <^^ ^ 
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small coloured figure is seen as a circle, and the whole pattern is 
repeated six times, so as to form a hexagon. If the mirrors were 
at an angle of 45°, the figure would be an octagon ; if at 30°, the 
figure would be twelve-sided. 360° divided by 60° gives 6, 
divided by 45° gives 8, divided by 30° gives 12. This supplies 
the rule for finding what figure any given arrangement of the 
mirror will give, and also how to arrange them to produce any 
given figure, provided it be a possible one. 

(8.) BefLection firom Curved Surfaces. — Light falling upon 
a curved reflecting surface is reflected according to the same law 
as when it falls upon a plane surface. Each ray is reflected as 
much on one side of the perpendicular as it falls on the other, 
however small may be the suiiace having the same perpendicular. 
If the surface be regularly curved, the rays of light feuling on it 
are reflected symmetrically ; but if light fall on a rough surface 
the reflections are very irregular in fact (though each ray follows 
the law of reflection), and interfere so much with each other that 
the light is partly destroyed, and no result is perceptible except 
that scattered light which makes the surface visible. 
So that we might group reflecting surfaces thus : — 

(1.) Perfectly smooth plane surfaces : i.e.y mirrors/rom which 

liahtfrom apoint is reflected in diverging lines. Fig. 172. 

(2.) Plane surfaces more or less rough : light partly reflected^ 

but more and more scattered as the surfitce is inore and 

more rough. 




(3.) Curved surfaces more or less rough : Ugh>t partly re- 
flected, but more and more scattered as the surface is 
more and mx/re rough. 




Fig. 178. 



(4.) Curved surfaces perfectly smooth : curved mirrors, fr<m, 

which light is reflected in converging lines if the surface 

be concave, hut widely diverging if the surface be convex. 

Plane mirrors reflect light m a. TQ»."n2afix\i^\w^«5L \}[i4& Teflection 
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of convex mirrors and that of concave. Thus in concave mirrors 
the reflected rays of light conver^ ; in plane mirrors they 
diverge slightly ; in convex mirrors tney diverge much. 

There are, however, two cases of concave mirrors that deserve 
especial notice. 

in a circle, a light at the centre would Jthrow rays at right 
angles upon every point of the centre, and these rays would be 
reflected along the same lines to the centre again, if, instead of 
a whole circle, any part of one be taken, so much of the light at 
tlie centre as fell on it would be reflected to the centre. 

If instead of a circle I take a hollow sphere and place a light 
at the centre, every ray of light will fall on the inner surface at 
right angles to it, and will be reflected to the centre. If instead of 
a sphere I take any portion of one, such as a watch-glass might be, 
all light falling upon the concave surface of this from a source at 
the centre womd be in the same way reflected to that centre. 

So that if a concave mirror be a portion of a sphere, however large 
or small a portion, it may be placed so as to reflect all light falling 
on it from a single source, back to the point whence it proceeds. 

If such a mirror be a portion of a parabola — i,e., so that every 
section of it shall be a part of a paralbolic curve — ^then the light 
falling on it from the focus will be reflected in lines parallel to 
each other and to the axis of the mirror ; i,e,, to the line joining the 
focus and the central point of the mirror. Also several rays of 
light parallel to each other and to the axis of the mirror falling 
upon such a mirror would be reflected convergently to the focus. 

These two properties of a parabolic mirror may be combined so 
as to transfer light from one place to another in a very remarkable 
manner. Thus, a light being at one point, I hold a parabolic 
mirror so that this point shall be its focus. The light then 
falling on the mirror is reflected in parallel lines. By turning 
the mirror round the light, still keeping it at the same distance, 
so that the li^ht shall stSl be the focus, I can send these parallel 
lines in any direction I please. 

I now hold another mirror of the same kind near the point to 
which I wish to 
transfer the light, 
and so that this 
point is the focus 
of the mirror. 
Then all light fal- 





Tnen au iigut lai- \ / \j 
ling in lines paral- V V 



lei to the axis of 
this mirror will be 
reflected to the 
focus. 

Let it be re- «,^ .-. 

qmred to transfer ^ "*• 

Eeat or light from the point a to the poiat b, 1 '^\Bn& ^<& -^«s%^^<^ 
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reflector A so that its focus is at a, and the parabolic reflector B 
so that its focus is at 6/ the two, A and B, facing each other. By 
this arrangement I can transfer light, heat, or even slight sounds, 
from a to o, or from 6 to a. 

So that I have one mirror which will reflect the rays of the light 
at its focus in parallel straight lines, and another mirror that will 
receive these parallel lines and reflect them to its focus. All that 
I have to do is to hold the two mirrors so as to have, for the two 
foci, the points from and to which I wish to convey the light, and 
also that they are opposite each other, so that the parallel lines 
from one will fall on the other. 

We may therefore classify mirrors somewhat thus : — 

Plane Curved, 




Convex, Concave. 




Paraholic. Other curves. Spherical. 



By concave mirrors light is generally converged ; by paraboHc 
mirrors it is reflected in parallel lines ; by plane mirrors it ifl 
diverged in a slight degree ; by convex mirrors it is diverged 
much more. 

Thus, light falling on a convex mirror is deflected more than 
from a plane mirror, because from a convex surface the perpen- 
dicular lines themselves diverge, and the directions of rays of 
light reflected are determined by the directions of the perpen- 
diculars from the same points. 

If the mirror be a good one, the light reflected will convey to 
any one receiving it an image of the object from which the light 
comes, but the image will seem to be in a place altogether different 
from that of the reality. 

Thus, in a plane mirror, such as an ordinary looking-glass, I see 
my features apparently behind the mirror, because the light falling 
on the glass from my fiace comes back to my eyes from the glass, 
forming therein an image of my face. But the image is formed 
in my eyes just as it would be in the eyes of any one standing in 
my place if the glass were taken away and I stood behind where 
it had been. That is, I see myself in the line in which the light 
comes to me. To revert to my illustration of a ball strikmg 
against a post and rebounding : if a ball be thrown against a tree, 
and, rebounding, strikes me, \k^ Ynrgt^mon. on my mind is as if 
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the ball had been thrown from behind the tree. So if I see the 
image of any object by means of light reflected from a mirror, I 
have the idea oi it being as far behind the mirror as it is really in 
front of it. 

But in all case of plane reflection, where the surface reflected 
be parallel to the mirror, change of position is the onlv respect 
in' which the image is deceptive. If tne mirror be at right angles 
to the object, its position will be reversed. It must be borne in 
mind that we see the image in the mirror by exactly the same 
means that we see the reality. Thus we see the reality by means 
of vibrations of light coming from the object to our eyes ; while 
we see the image in the mirror by means of similar vibrations 
which the mirror bends back from their original direction and 
sends also to our eyes. In all respects as to size, proportion, 
colour — in fact, in all but direction — ^the two images are«iaenticaL 

But if the mirror be curved, other differences besides that of 
direction will be the result of reflection, owing to the divergence 
or convergence of the reflected rays. If, however, the object re- 
flected be very small, such as a bright speck of light, and near the 
mirror, this divergence or convergence will not affect the image ; 
but if it be of any size, or distant, the rays falling on the mirror 
from the different points of it, though they fall parallel, will not 
be reflected parallel, because they fall on different points of the 
mirror, and at each point will be reflected according to the law of 
reflection. Since the perpendiculars to a curved surface either 
converge or diverge, so will the reflected rays whose directions are 
governed by these perpendiculars. 

In the case of an object seen by reflection, it appears to be 
behind the mirror, each point being seen in the direction of the 
reflected ray, produced nearly as far behind the mirror as the 
object is in front. Now if these reflected rays diverge in front 
of the mirror, they would converge behind ; and if they converge 
in front, they would diverge behind. Also, rays divergent in front 
would, after converging to a point behind, diverge again ; and in 
this case the image will be reversed — (,€., the left will seem to be 
the right, and the right the left. 

Therefore images seen by reflection in a concave mirror will 
be enlarged in size, while tnose seen in a convex mirror will be 
diminished, and, if the mirror be very convex, will be reversed 
in position, because the widely diverging rays will appear to meet 
and diverge crosswise before they seem to get as far behind as the 
object is in front. 

This will explain the reflected images seen in metal dish-covers, 
coffee-pots, &c., however grotesque these may be. Given any re- 
flecting surface and any object in front of it, it is easy to trace the 
directions of the rays of light falling on and reflected by the 
mirror, and the position and proportionate size of the image 
apparently behina it. This is equally true of circulat aa.6L^«xar 
hofic mirrors as of all others. Light iaHing on >i)[ie&^\a x^^^^^ft^^ 
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in exactly the same manner, and in obedience to exactly the same 
laws, as from other mirrors. The specialty of these two forms is 
not a special manner of reflection, but one that results from the 
ordinary laws being observed. In a spherical mirror the ordinary 
law results in reflection to the centre only when the centre is the 
position of the light. In the parabola the ordinary law of reflec- 
tion, being observed as usual, results in the light rays being re- 
flected in parallel lines, if the light come from the focus ; or in 
being converged to the focus, if falling in rays parallel to the 
axis. 

(9.) Befira^stion. — ^But if for the metallic substances, so smooth 
as to act as mirrors, I substitute substances of exactly the same 
size and shape, but transparent, such as glass, ice, &c, the light 
will not •be reflected, but will pass through and continue its 
course, though this course will be affected by the passage. 
That is, the light, instead of being reflected, will be refracted, 
and therefore its course will depend not only upon the surface, 
but upon the thickness of the substance, upon its shape, and upon 
its refractive power. 

In reflection the surface only is concerned ; in refraction the 
surface is of little moment. A metallic mirror will reflect ao- 
cording to the smoothness and shape of its surface, from which 
the light glances as water from a rock, no matter how thin, or 
irregular, or rough the general mass may be. 

In refraction, each ray of light enters at once into the substance 
upon which it falls. The thicker this is, the more its direction is 
changed. If the opposite surfaces be parallel, all rays are equally 
changed in direction ; but if not, each ray is changed more or less 
according to the distance it has to traverse, and is more or less 
decomposed (p. 116). The amount of change in any given thick- 
ness depends upon the nature of the substance. Thus water 
refracts more than ice, alcohol more than water, phosphorus 
more than alcohol, and diamond most of alL I have spoken at 
length of Eefraction elsewhere in the book, and only mention it 
here to show its relation to Keflection. 

(10.) Formation of Images by Iienses. — ^But if a transparent 
body be made symmetrical, we can easily obtain, by means of 
light transmitted through it, an image of the object from which 
the light proceeds, just as we do by reflected light. But while in 
reflection the eye and object seen are both on the same side of the 
mirror, in refraction the transparent substance is between them. 
That is, light is reflected from the reflecting substance, and is 
refracted tfirough the refracting body. 

We have seen that a plane mirror reflects a ray of light. A 
plane lens transmits it in very nearly its original direction, and 
parallel to that direction, the distance of its new from its original 
oirection depending upon \Xi^ -naX^a^ «sA\)cL\0fi3Nssa of the lens. 
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By a lens I mean a piece of the refracting substance ; by a plane 
lens, a piece having its two surfaces parallel. 

If the lens vary^in thickness, the rays falling on the thicker 
part will be more* refracted than those falling on the thinner 
portion (always excepting rays falling perperulicularly on the 
lens, which continue their path imchanged, whether the lens be 
thicx or thin), and will also nave their direction definitely changed. 

These facts make lenses useful in optical instruments such as 
microscopes and telescopes. Thus by making my lens thick in 
the middle and tapering oflf regularly, so as to form a double 
convex surface, lines of light falling perpendicularly on one side 
are converged to a point on the other side ; and my eye placed at 
this point receives thus much more light than it would without 
the interposition of the lens. 

Fig. 176 shows how the light radiating from A is converged to. 
B by the interposition of the 
lens between A and B. 

Generally, if a lens be 
thicker at one side than the 
other, the light passing 
through the thin end con- 
verges to the line passing 
through the thicker part. If p. ^^ 

I put two such lenses to- 

getner by the thick ends, the light passing through the two thin 
ends will converge to the middle line. 
A double convex lens is, as it were, a 
series of such lenses, and the light 
passing through it converges to the 
central ray, so that such a lens brings 
the light from a large circular area 
to a central point where the eye can 
receive the whole. ^______ 

Fig. 176 shows how lenses may be «,« ^Tt^ 

considered as combmations of pnsms. 

Lenses are made of many shapes. Some have both surfaces 
alike, others different. The most common forms are — 

Double convex — both surfaces being convex. 

Double concave — both surfaces being concave. 

Plano-concave — one surface concave, the other plane. 

Plano-convex — on^e surface convex, the other plane. 

Spherical — the lens being a sphere. 

Meniscus — (me surface concave, the other convex: but one of 

these, the convex, being more curved than the other, the 

lens, if large enough, comes to a sharp edge. 
Concavo-convex — the reverse of the above, the concave being 

the more curved, so tliat the larger tae Icirt* th* tKv^c«r 

the edge becomes. 
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These diJBferent kinds of lenses may "be grouped togetlier in any 
required number or manner ; and since eacn afiects all light falling 
on it according to its nature, without reference to the others, they 
may be grouped so as to produce most surprising e£fect8. Perhaps 
no sense is so capable of being deceived as that of sight, m 
always see an object in the direction from which the light comes 
to our eye, and since the direction of a ray of light may be turned 
again and again in most remarkable ways, the most extraordinary 
optical delusions are possible by the aid of a few pieces of glass. 
It is quite easy to make it appear that the nose on a human face 
is a depression therein, or that the inside of a hat is the outside, 
and the outside the inside. 

Just as by reflection the rays of light from the various points 

of any object may be regularly reflected, and so kept together as 

^to still represent the image of the object, so by refraction the 

'same result may be obtained. When 1 look through an opeia- 

flass, I see images by refracted light. When I look into a mirror, 
see images by reflected light. In both cases the transfer of the 
rays of light is so regular that all the rays from any given object 
are kept together, and continue to represent the image of the 
object. 

(11.) Beflection and Befraction combined. — ^But reflection 
• is not confined to mirrors so called. Glass, which is a very trans- 
parent substance, and which refracts light, also reflects it, and 
this from both surfaces. Thus light from a given object falls on 
an ordinary eye-glass, and part of it is reflected from the first 
surface, the remainder passes through the glass ; and again part of 
it is reflected from the second surnice (or rather from the surfiice 
of the air behind it), and passes back through the glass to oxa 
eyes. The remainder of the light passes on through the air, or 
whatever may be behind the glass. 

Thus I get, from a common eye-glass, two images by reflection, 
although glass is called a transparent and not a reflecting substance. 
It may be said, as a general law, that whenever light faUs upon any 
substance, some at least of it is reflected. 

One day this summer, walking on the side of a hill nearByde, 
overlooking the sea, with the sun just setting behind a row 
of trees, between the trunks of which it shone brightly, I held a 
common eye-glass so that the sunlight fell on it. Looking into 
the glass with my back towards the sun, I saw by reflected light 
two perfect images of the row of trees and the sun behind them— 
as pretty pictures as one could wish to see, one reflected from 
eacn surface of the glass ; and in addition I saw by rc^&^u^ted (or 
transmitted) light the grass of the field in which I was walidng. 
So that three sets of images came at the same time fronoL the same 
glass to my eye. The sunlight fell upon the glass from between 
the trees, which were thrown in shadow. Some of this light was 
reflected from tlie first suii8t(i^,ioTcmi%OTL<^SKiiw^<i\ another was 
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fbnned by the light that, after passing tlirough the glass, was 
reflected back through the glass from the surface of the air behind 
it ; the remainder of the light, passing through the glass and the 
air, fell upon the cp^ass, was partly reflected from it back through 
the air and the glass to my eye, but now gave an imase of the 
grass instead of the sun, being, as it were, rearranged by the 
grass. 

A few days afterwards I saw another beautifcd example of the 
same kind, in the Queen's schools at Whippingham, near Osborne. 
A few squares of coloured glass are placed at each end of the 
schoolroonL Part are yellow, and part blue. Holding, as before, 
the glass so that the light coming through the colour^ glass fell 
on it, I saw two reflected images, and a third by transmission. 
But in one point there was a great difference between the two 
images of the sim and of the window. The two pictures of the 
snn and trees were of nearly the same size. But of the coloured 
window one image was complete in the centre of the glass, while 
the other was on so large a scale that about an eighth part of the 
window covered the whole glass. In the one case the light came 
direct from the sim, and the refraction of the light forming the 
second image was but slight, so that both pictures were nearly 
alike ; in the other the light came only a few feet, and the refrac- 
tion (though of course no more than in the other instance) had a 
different ratio to the distance the rays had come. 

I was much nearer one of these windows than the other. From 
the more distant one the second reflected image was very feeble. 
But when I placed my coat-sleeve close behind it, it was much 
more distinct, and not only the window but the whole of the 
schoolroom, from which light could fall on the glass, was seen in 
perfect miniature, with a deamess almost incredible b^ those who 
nave never seen such a case of reflection. In this case the 
remainder of the light passing through the glass was absorbed bv 
the black cloth of the coat, so that none of it was reflected back 
through the glass to interfere with the image formed by the light 
reflected from the glass, which was thus seen in perfection. 

Tliat black clom is an absorber of light may be easily shown 
thus: I take an ordinary flnger-ring, and place it so that the 
light of a candle, or any single source of light, falls upon the 
inner surface. From this light will be reflected according to the 
general law, the angles of incidence and reflection being equal, and 
these lines of reflection will cross in a series of points forming a 
cnsp-like disc of l^ht If placed on a white table-cover, or on 
white paper, the effect is very pretty. I place it on my sleeve, 
and the reflected light is almost entirely absorbed. Just the line 
of special brightness (where the lines cross in the series of points 
I have already spoken of) is faintly visible, and will at first 
probably be mistaken for a thread or hair lying on the cloth, 
even by those who are looking for the lieht-rays. 

I mention these three little instances, ueca\\&^ IV^V^ ^^^ 
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clearly that expensive apparatus and deep learning are not in- 
dispensable for observation of the fieicts of nature, but that by 
means of ordinary everyday objects lying ready to our hand in a 
thousand ways we may easily enjoy some of the most beautiful 
phsenomena, and so learn that it is not in the study or in books, 
80 much as in the world and by using our senses, that we can 
really understand what is meant by " rhysics." 

That light is reflected from each surface of ^lass is easily shown 
by experiment. Hold the head or point of a pm close to a looking- 
glass, and you will see two reflections of it, one much clearer than 
l^e other, and separated by the thickness of the glass. The 
clearer image will be seen to come from the second surface. Hold 
a lighted candle in the same position, and two images will be 
seen as before. Look at these images first perpendicularly to the 
glass, and then gradually move the eyes sideways until you look 
aJUmg the surface of the glass. As you move the eyes you will 
find the front image grow, and the hinder one decrease, in bright- 
ness, until the jfront £ the brighter of the two. 

(12.) Adiromatisni. — ^We have seen that light passing through 
a prism is refracted. But refraction is not confined to pnsms. It 
is produced by the fact that light passes through a body whose 
sides are not parallel. A concave or convex lens is such a body, 
and light is re£racted when passing through such a lens. We use 
lenses because they refract li^ht, and so enable us to collect light 
into a focus. But this, which is the real value of lenses, is accom- 
panied by the fact that they also decompose light, and thus for a 
long time all images in telescopes and microscopes were coloured, 
and this in a very serious maimer marred the usefulness of these 
instruments. 

A lense is really a combination of prisms. Thus if I put together 
two prisms, base to base, I have a lens, the property of which is to 

converge rays of light falling on it. 
If I put together two prisms apex 
to apex, I have a concave prism, the 
property of which is to cause light 
fallmg on it to diverge. But lenses 
are bounded, not by straight, but by 
curved lines. They may, however, 
be still considered as combinations 

PJg. 177. Fig. 178. ^^ prisms. In figs. 177 and 178 the 

straight lines represent the prisms, 
and the curved lines the lenses, so far as they vary in fonn 
&om the prisms. 

Light falling on a lens is therefore decomposed as well as re- 
fracted, so that all images seen through lenses are coloured. Tlu% 
however, is now corrected by the use of achromatic lenses. There 
are compound lenses, in which the colour produced by one lens 
28 removed by another. To -vm^etsXasA Vwi t,hia is done, it is 
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necessary to distinguish clearly between 7*efraction and disper- 
sion. 

In figs. 179, 180, the ray of lieht, o, falling npon a pnsm A, is re- 
fracted so that the central line of the spectrum tails on a screen at a, 
and the spectrum itself reaches from 
htoc, 1 now substitute the prism A^, 
and find that thoush the central line 
of the spectrum faUs on of, the spec* 
tmm itself reaches from 6' to </ — 
%*€., it covers much less of the screen 
than before. The amount of the re- 
fmction is measured by the diver- 
gence of the central line A a from 
the original line of direction A m, 
while the dispersion is measured by 
the amount of space covered by the 
whole spectrum. Bearing in mind 
this distinction between refraction 
and dispersion, it is not difficult to comprehend the action of an 
achromatic lens. 

Assuming AB, fig. 181, to be a lens (which may be considered to 
be made up of two prisms), light falling on it wul be brought to a 
focus at 771 ; i.e., the middle line of the two spectra will meet there. 
But the focus of the violet rays will be at Vy and of the red rays 






at r ; i.e., the spectra will extend from v to r, the orange, yellow, 
blue, &c., rays meeting between these points. If I place beside 
AB another lens of the same material, but of a shape to recom- 
pose the light, I also counteract the refraction, and so get no 
miage at all, since the light will not converge. 

But if I can find a lens of some other material that, with the 
same refractive power, has a different dispersive poiver {i,e., that 
while it gives the same direction for the middle line m brings the 
ends of the spectrum closer together), I can so arrange such two 
lenses as to get an image that shall not be coloured. The light 
which is refracted and (fispersed by one lens will have its disper^ 
sion, but not its refraction, counteracted by the other. 



(13.) Interference of Light. — Assuming Ai^Y.X.o \ife TrwAawa 
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and not matter^ it should follow that it is suhject to all the laws 
of motion, and amongst others to the law that two equal and 
opposite motions destroy each other. Thus if a " motion" from 
A to B constitutes light, and another motion from B to A, also by 
itself constituting light, happen at the same time, will the result 
be mutual destruction, and will there be no light ? On the other 
hand, if two such vibrations come together, so that, instead of de- 
stroying each other, their mechanical result ought to be a mutual 
strengtnening, will there be more light ? To both questions the 
answer seems to be " yes." Light can be made to destroy li^ht ; 
it can also be made to increase it. The illustration oi this is 
somewhat difficult, because it requires the mutual action of two 
rays of light to be freed from all other interference. But that 
there are such increases and diminutions is roughly shown by 
placing a double-convex glass upon a sheet of paper. The half of 
the lens near to the light will appear dark, while the other half 
will be most singularly marked with lobe-like spots of darkness, 
anparentl:r emitting ra^s of light, marked by j&ne dark linee! 
These variations are owmg to the interference of the rays of light 
with each other, and the interference is owing to the divergence 
between the surface of the paper and that of the lens, the dis- 
tance between them constantly increasing from the centre of the 
lens to the circumference. 

Colour is but very faintly discernible in this very simple ex- 
periment, but there are slight tinges of colour at the edges of the 
bright rays. Two rays of light may destroy each other, just as 
two men running against each come to a stand ; they may abo 
intensify each other, or rather combine to produce one ray 
brighter than either. But between these two limits are numbe^ 
less other mutual effects. 

Two equal and opposite forces destroy each other : acting in 
the same direction, they combine to make a third foree greater 
than either. Moving in different directions that intersect, the 
result of their meeting is to produce a third foree, that in direc- 
tion and amount is compounded of the other two, being what 
remains of their combined force after the deduction of what is 
destroyed by the mutual opposition. This proposition is true of 
all forces. If light be a force, it is also true of light. 

But the variations between light and darkness, between white 
and black, are colours. When two rays of light intersect each 
other, they neither wholly destroy nor wholly intensify each 
other, but produce, by intermediate action, varieties of colour. 

As illustrations of this, place two pieces of glass together, but 
having at one side some interposed substance, such as a wafer. 
The effect of this will be to place the glasses at a very acute angle 
to each other. Light falling on this would be reflected from both 
sides of the film of air enclosed between the plates. Thus, let A B 
and A C, fig. 182, be the two plates of glass jointed at A. A ray of 
light a falls on A B at the point h, and is partially reflected in the 
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direction h o, partly transmitted in the direction 6 d. Arrived at 
c on tibie second plateA C, it is again partially reflected in the direc- 
tion c m, and partially trans- 
mitted in the direction c d. 
The reflected ray c e comes in 
contact at e with the ray ne, 
and is in the same direction 
as the ray e m, the reflected 
portion of the ray n e. 

We have now two rays of 
light, or vibrations, moving 
in the same line. Will the 
result be increased light or 
darkness? This depends en- 
tirely npon the distance c e. Fig. 182. 
If there be any complete num- 
ber of waves of light in this distance, the motion of the two 
vibrations will coincide (since a wave of each will commence 
at e\ and the result will be increased light. But if there be not a 
complete number of vibrations in c c, there will bie inJterfereMt 
and not coincidence of two waves, and the result will be either 
darkness or colour, accordingly as one wave destroys or only mo- 
difies the other ; also c e and 6 o are not quite parallel. 

Since the distance between the two plates increases from at 
A regularly towards the open side B (5, therefore there will be 
a certain number of points at which there will be coincidence, and 
between these all degrees of interference. There will therefore be 
lines of li^ht and lines of colour. 

But if, mistead of two pieces of flat glass, I put together two 
lenses, one convex and the other flat, I get precisely the same 
arrangement as before, but in a more complete form. The central 
points which are in contact represent the jointed part A; and I 
have, instead of lines, circles oi light and colour. 

Many other examples of interference may be mentioned. Thus 
light admitted by two small holes (near each other) into a small 
dark chamber ^ produce intervals of light and darkness, whHe 
if one of the holes oe closed the other wiU admit a simple ray of 
ordinary light The pretty gradations of colour shown by some 
shells, and other substances having smooth but not truly ftat sur- 
faces, are also owinc to this jjronerty of interference. A surface 
that is truly flat will become iridescent if it be marked with par- 
allel scratches sufficiently near each to produce interference, and 
regular enough to prevent the light being merely scattered. The 
colours of soap-bubbles are also to be attributed to this source, the 
irregular thickness of the film being the cause. This last example 
will serve to remind us of what verv small measurements we 
speak when we speak of differences of thickness producing inter- 
ference. 
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SUMMARY. 



(1.) Rays of liglit, heat, or Bound, are more or less reflected, or 
bent back at every change of the vibrating medium. Page 285. 

(2.) Rays falling upon parabolic BurfiEUies are reflected in pardUd 
straight lines. Page 286. 

(3.) Polished metal surfaces, or crystals, are examples of reflect- 
ing bodies. Pace 287. 

(4.) Bays of light regularly reflected may be conveigea so as to 
produce an image of the radiating bod^. Page 28& 

(5.) Reflection of li^ht may be utilised as a means of measuie- 
ment for very small distances. Page 289. 

(6.) Heat, light, and sound are all reflected according to the 
same laws. Page 290. 

(7.) The same ray may be reflected and re-reflected any num- 
ber of times, if it fall successively upon several reflecting surfaces. 

Page 292. 

(8.) Rays reflected from convex surfaces are divergent : rays 
reflected from concave surfaces are convergent, except when the 
concave surface is parabolic. Page 294 

(9.) Refraction is a phase of reflection, but the force passes 
through instead of being bent back. Page 298. 

(100 Rays passing tlurou^h lenses, may be converged so as to 
present an image of the radiating body. Page 298. 

(11.) Images are also obtained by combined refraction and 
reflection. . Page 301. 

(12.) Such images are sometimes tinged with colours not belong- 
ing to the original image : these colours may be removed by using 
a series of lenses. Page 303. 

(13.) Colour is also produced by the interference of two reflected 
rays. Page 304 



REFRACTION. 



(1.) IntroduotiLoxL. — Ingh^ heat, or sound, fiaUmg upon a pol- 
ished metal sui&ce, is, as we have seen, reflected. & I substitate 
for the metal plate a glass screen, the light will still be reflected, but 
will be much less so than before, the greater part passing through 
the glass. We speak of glass especially as being transparent, or 
translucent, because light passes so readily through it, and con- 
tinues its course on the other side. 

But just as in reflection the yibration is turned from its course, 
sols it in refraction (which is the name given to the influence of 
any substance through which it passes) ; but while in reflection 
the surface only is concerned, in refraction the amount of influ- 
ence depends on the thickness and nature of the meditmi. Also, 
in reflection the vibration returns, more or less, towards its start- 
ing-point ; in refraction it continues its course, but, more or less, 
to the right or left of the original direction. 

But the greatest or most important result of refraction is the 
breaking up of light into its constituent parts. To any one 
who does not know it, and especially to any one unaccustomed to 
scientific study, it must be aoubtiess a great surprise to be told 
that light is a compound vibration, made up of several vibrations, 
each having its particular rate and extent oi motion. It is a littie 
difficult to realise what this means — ^to imagine a number of 
vibrations travelling side by side, differing in extent, in speed, 
and therefore in the effect produced by them on the mind, yet so 
harmoniously blended, so perfect in their arrangement, that the 
impression made on the mind by their united action is that of 
a simple and complete picture — so simple and so complete, that 
for centuries after centuries no suspicion of its complexity was 
entertained. 

Our first impression of light is that of a perfectly pure, perfectly 
white, perfectly transparent something that enables us to see. If 
we are told that all Hgnt is coloured and none white, or rather that 
all light conveys the impression of colour, and that we %e.t t\i<^ 
notion of whitenees only dj the union oi several ^\SL«sl«lA.'^a.'^SP^ 
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or vibrations, the assertion probably seems as absurd as it is incre- 
dible to an ordinary person who has not had his attention directed 
to the study of natural facts. But it is nevertheless believed that 
it is so. We may obtain some idea of this compound yet appar- 
ently simple nature of light if we can imagine a bundle of veiy fine 
rods of different thicknesses bound together very closely, so as to 
make apparently but one wire. Further, we should imagine these 
wires all travelling endways with immense rapiditv, yet each with 
a different velocity, though the slowest moves witn such amazing 
rapidity that the difference between it and even the fastest is as 
nothing in comparison. Further, let us imagine each wire to be 
a different colour, but that the effect produced by the presence of 
all is that of white — i.e., that all these colours mixed together 
appear white. By bearing in mind these three theories — 1. That 
a ray of light apparently simple is made up of several rays bound 
together so as to seem but one ; 2. That their component rays 
are of different colours, but, when compounded, appear of but one 
colour, and that white; and, lastly, 3. That these rays travel 
with different velocities, though even the slowest moves at a speed 
altogether beyond comprehension, — we may follow very well the 
theory of refraction. 

(2.) Befra,ction a,ccording to the Theory of Iiight being 
Compound. — We have just seen that light or heat falling upon 
bodies which they can penetrate, do pass through, more or less, but 
have in the passage their direction affected. If the two surfaces of 
the substance so passed through be parallel, the change of direction 
is the only change ; but if tiaey be not parallel, the component 
vibrations are unequally affected, and consequently take separate 
directions. The light is no longer white, but eacn ray is visible 
separately, and has its own special colour. This may be roughly 
illustrated by throwing a compound ball against a waU ; thus I 
tie up several shot or small marbles in a thin covering, and throw 
them against a wall. If the covering does not break, they all re- 
bound together as a simple ball ; but if it break, each rebounds 
with a force and direction of its own. So with ordinary light: so 
long as its constituents are kept together they give the impression 
of a single ray of pure white light ; but if, fiom any cause: tibey 
are separated, the impression conveyed to the mind is that of 
several r^s of light, each distinct from the other by its different 
colour. The rays thus separated may be easily re-combined so as 
again to form a single ray of white light, by making the substance 
through which the rays pass of equal thickness throughout, so that 
its surface shall be parallel. 

But a ray of light, on entering a piece of glass (or other trans- 

Earent substance), cannot know whether or no the second surface 
e parallel to the first — cannot choose between mere change of 
direction and being broken up into its constituents ; and it may 
he safely supposed that thia xeWoXAOTi ot «&^^^t\on. of the coloured 
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raTS commences immediately after light passes from one medium 
to a denser, but that if the two surfaces of the denser substance 
be parallel, then this refraction is compensated by a second and 
contrary effect, and the ray of white lignt is first decomposed and 
then recomposed, issuing from the second surface as completely 
a single ray as when it entered the first. 

To understand this clearly it is indispensable to consider white 
light as a compoimd result, and as having no individual existence 
of its own. Though we take it to be a bundle of coloured rays 
so closely arranged together as to be but one in appearance and 
effect, we must suppose that each of these preserves its separate 
existence, and is as readily acted upon by external influence as if 
the others had no existence, and that wmte light is not a some- 
thing made up of several coloured lights, but is the result of their 
presence in certain definite ratios. 

If I arrange side by side a number of short sticks of wood, or 
bars of metal, both ends of each being supported by side bars, 
then the weakest will be protected by tne stax)nger ones from the 
effect of any blow falling on all : but if I place them on a table 
so that one end of each project, then a blow falling on all will set 
each in motion, according to its particular weight So with 
white light falling on a piece of glass, ice, or other transparent 
body— each particular ray of coloured Ught is affected by the con- 
tact according to its own velocity. Or we might consider it by 
means of another illustration. If I throw a number of marbles 
against a wall, each will rebound with a direction and a velocity 
governed by its direction and velocity in moving towards the 
walL Though they may all reach the wall at the same moment, 
yet they will be affected individually, and not collectively, by 
impact with it. This illustration fails so far in that the marble is 
a definite body, having but one time of impact, whereas light 
may be regarded as a continuous stream. But we may get a more 
complete analog thus : Imagine (or even construct) a number of 
tubes, ranged side by side, having water running through them, 
each stream having a definite and regular velocity different from 
the others. Let these fine streams of water, moving with different 
velocities, fall side by side upon a smooth surface (say of marble), 
and they will be reflected with greater or less force, and to a 
greater or less extent, according to their greater or less velocities. 
To an ordinary observer the various streams seem to be moving 
with equal rapidity, and represent the component rays of light ; 
contact with the marble table detects the differences of forces, and 
reveals them by the difference in the distance to which they are 
reflected. In light, however, this is shown by the different direc- 
tions in which the rays continue their courses after contact with 
a dense medium. 

If the rays fall perpendicularly on a dense medium, the only 
result is to reduce their velocity, since the reflection is, as it w«t^^ 
directly back again, and they continue to mo^ft oii'^«i^ V:«Sflsi ^ 
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speed slightly less than before), but still compactly together. 
The difference of velocity produces no other effect than Siat of 
modifying the amount oi reflection — i,€., the ray moving the 
most rapidly is retarded the most, and that moving most slowly 
the least ; but still this is slight by comparison, and this retarda- 
tion produces no perceptible effect upon the general body of 
light, because each ray is continuous, so that at any point all are 
present or rather passing, at any civen point of time. 

It may help us to understand the remction of light falling ob- 
liquely upon any substance, if we consider but one of the rays 
composing it. Imagine a long rod of metal falling endways, bnt 
obliquely, on a table. At whatever speed it mignt be moving, 
one edge of it would come into contact with the table before the 
other. If the rod were of soft material, this would tend to bend 
it at the point, so that when the opposite end reached the table, 
the tendency would be to enter the table in a direction slightly 
different from that in which the rod first moved, and one approx- 
imating more nearly to the perpendicular. 

Light falling on a plate of glass is probably affected in some 
such manner, and this may be the real cause of the refraction. 
It must be recollected that light is not a thing, but a vibration,— 
does not pass through the glass, but sets either the glass or some 
ether within it in motion, in such a manner as to cany forward 
the vibration. If the glass or ether be so acted on, this action 
will naturally continue in the straight line in which it is com- 
municated, without reference to the line in which it previously 
came. The amount of such deflection will be affected by the 
velocity of the ray ; and since each ray has a velocity peculiar to 
itself, each will be deflected to an amount peculiar to itself; and 
thus, after impinging obliquely on any dense substance, a ray of 
light will have its constituent coloured rays dispersed, as it were, 
so as to continue their courses through tne suostance on which 
they fall, not as white light, but as a number of independent 
coloured rays, diverging from the point of incidence, and becom- 
ing more and more separated as the thiclmess of the substance 
increases. 

If we try the experiment with a triangular wed^e of glass 
(usually called a pnsm), we shall find that light falling on this 
prism as ordinary white light is thus broken up, and passes off 
irom it as independent coloured rays, each having its own course. 
The colours of the rays are a quite distinct consequence from the 
change of direction. They are not jyroduced by this refraction, 
but become evident because each ray is isolated, so that its colour 
is no longer affect^ by the colours of the other rays. The colour 
of each ray is just as much present, and as visible, in white light, 
as when the ray is by itself; but the colours, when they fall 
together on the eye in the number and ratios in which they exist 
jn ordinary light, give the impression of white only, so that white 
may he said to be compounded oi «k!l[\. <^^o\a&. \TL^«mi-«cientiflc 
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langoage wliite and black are eaid not to be colonrs at all ; and 
1^ is considered to be justified by the fact that white is not an 
independent colour^ but is obtained only by the mixture of all 
tiie primary colours in a definite ratio— while black may be said 
to be the absence of all colour. 

We see, then, that white light falling upon a dense but trans- 
parent substance, such as glass, is broken up, and passes out from 
the other side as a number of independent and divergent coloured 
rays. It follows from this, therefore, that light entering a room 
through an ordinary window should be thus decomposed, and 
that our rooms and furniture should be lit up with all the colours 
of the rainbow ; but we know that nothing of the kind occurs, 
and that light passes through the glass of our windows without 
the slightest change of colour, and apparently as freely and com- 
pletely as if through air. Tlus is considered to be owing to the 
fact that the glass in our windows is of imiform thickness, and 
consequently has its- surface parallel ; and when light falls on a 
transparent substance with parallel surfaces, whatever decom- 
position it undergoes on entering, seems to be compensated by 
a recomposition on leaving, 'SO that the liffht leaves the second 
surface as compactly composite as when it falls on the first. 

This is usually explained by considering such substance of 
uniform thickness as being practically made up of tr^'o prisms, 
the second of which recomposes the light broken up by the first 
Considering each ray of hght by itself, it is evident that the 
same cause which deflects the ray towards the perpendicular 
when entering a denser body, will deflect it from the perpen- 
dicular when it passes from the denser substance into the air 
again. 

Thus, passing obliquely through the glass (or whatever the body 
may be composed of), one edge of the rav (i.e., one extremity of 
the vibration) will reach the air before the opposite one, round 
which second edge (being retarded) it will, as it were, describe a 
small arc of a circle, so that the ra^ will go on through the air, 
not exactly in the same line in which it traversed the glass, but 
in one slightly more inclined from the perpendicular. These 
two deflections compensate each other when the two surfaces are 
parallel, so that the light passes away in a direction parallel to 
that of its incidence, and distant from it more or less according to 
the thickness of the refracting body. 

Heat and sound are both refracted in exactly the same manner, 
and according to the same laws, as light, excepting that there does 
not seem to oe any decomposition of either heat or sound — i. e., 
the only result of refraction is to change the direction of the rays. 
It may be that heat and sound are simple vibrations, and there- 
fore incapable of decomposition ; or that the decomposition, if 
there be any, is not perceptible by our senses. If all light were 
white, we should know but little, if anything, of its decomposition. 
Or it may be that light, as well as heat and eounii^^a ^i^ao ^ vos^^ 
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vibration, and that the "decomposition" into coloured rays is 
explicable by another theory than the one usually held. 

(3.) Theory of Kefraetion aeoording to the Theory of 
Iiight being Simple. — In the darkest cellar it is quite possible 
to get the sensation of light without any reference to sunlight oi 
even combustion. It is <]^uite possible, by merelv rubbing the 
eyes, to produce the sensation of light. A sudden blow is known 
to have the same power. So that it is not necessary to have the 
compound light of the sun's rays to produce the sensation, which 
seems to depend entirely upon the presence of motion in the optic 
nerve. Might we not, therefore, imagine that colour depended 
entirely upon the amount and direction of this motion ? — that it 
depended, not upon the number of independent vibrations, but 
upon the character of one ? 

What would refraction mean if this be the theory ? It could 
no longer be the decomposition of light, or the separation of its 
constituent rays. It would mean that the velocity and direction 
of the simple vibration producing light were alterea, and that this 
alteration produced the alteration in the sensation which we call 
colour. For it must be remembered that both light and colour 
exist in the optic nerve, and there only. 

(4.) Befraetion through Bodies having Parallel Bides. 

— In fig. 183 is shown a ray of light. A, falling 

upon four parallel transparent substances. It 

passes through air first, with a certain velocity 

in a certain direction. Falling upon a it has 

the direction changed. The atoms of a are more 

:^ densely packed together than those of the air, 

and the direction of the light is changed from 

B to C ; the atoms of b are supposed to be still 

more compact than those of a, and a^dn the 

direction of the ray is changed from to D; 

the still denser stratum c produces a further 

deviation from D to F ; the last stratum d still 

further deflects the ray from D to E. 

After passing through a, b, c, and d, the light emerges again into 

air ; but in what direction ? In that of F, which depends upon 

the density of the air into which the ray passes. 

In fig. 195 is an example of refraction through one transparent 
substance only. The ray of light A o falling on the stratum be- 
tween and & has its direction changed from A A^ to o o' ; bnt 
on passing again into the air at o', has its direction changed from 
o to o' B, parallel to the original direction A A'. That is, the 
greater density in the transparent body has one effect when the 
light enters it, and this effect is exactly counterbalanced when the 
ray leaves it, by the less density of the air into which it passes. 
This assumes that the air on both sides of o o' is of the same 
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Fig. 184. 



denedty. Two strata of air of different densities are as really two 
different bodies, and have the same kind of refractive power, as 
two liquids or two solids of different densities. 

(5.) Kefraotion through FriBios.— So far we have discussed 
the change of direction owing to refraction through 
strata having parallel sides. Let us now consider 
what change will be produced in direction if the 
sides be not parallel. 

In fig. 184 the ray o falling on the prism A is not 
refracted in one line, but in several, as c, a, and h. 
To what can this be owing ? It must be remembered 
that it is motion, not matter, that passes through ; 
that some force impinging on one side of the pnsm 
sets its atoms in motion amonsst themselves ; that 
this motion passes from one side to the other ; that 
it is transferred from the second face of the prism to 
the air. 

It cannot be imagined that this force can pass 
horn atom to atom of one row only through the body. It must 
affect other atoms that are in contact with these. If I arrange a 
number of marbles in a group, and shoot another marble at one 
of the outermost ones, it will disturb, more or less, most of the 
others, and the force, if strong enough, will pass right through 
the group, moving one or two of the outer ones on the opposite 
side away from tne others. The number of these so detached, 
and their lines of motion, would illustrate better than diagrams 
the phenomena of refraction. 

I nave discussed this theory — ^if it deserve the name — in the 
final chapter. 

(6.) Dispersion by Beftaetion.— In figs. 185 and 186 we see 
the same result of refraction — a 
spreading out a fan of light from the 
second surface of the prism, but in 
one the fan is much wider than in 
the other. The existence of the fan 
is due to refraction ; the amount of 
it is called dispersion, the name as- 
suming the existence of individual 
rays of coloured li^ht, which are 
considered to be dispersed by the 
action of the prism. Returning to 
our figure of a group of marbles, we 
might say that in fig. 186 we have 
a greater number oi atoms set in 
motion on the second side of the prism than we have in fig. 185. 

In fig. 187 we see how, by joining two prisms, base to base, we 
get two corresponding dispersions. If A B be a circular lens, we 
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shall get at V a yiolet-coloured image, at r a led image^ and "be- 
tween, other images, orange, yellow, green, and blue. 




Pig. 187. 

(7.) Causes afFeoting Refraction. — Eefraction gives us two 
results — ^a change in the direction and in the character of the light 
refracted. The change in the direction may be considered capable 
of explanation by the ordinary principles of mechanical action. 
How shall we explain the phenomena of colour ? Either we 
have produced many rays out of one, or have broken up a com- 
pound ray into its constituents. Whichever view may be tiie 
right one, we may ask, What conditions affect the amount of the 
change in direction, and the dispersion of the constituent or re- 
sultant rays ? 

1. Heat decreases the refraction and also the dispersion. 

2. Density increases them. 

These two are really the same, since heat and density are abnost 

contradictory terms. If fig. 188 represent the atoms 

O O o^ ^ refractmg body, it is easy to imagine that the 

O O nearer they are together, the more will any force act- 

O O "^8 °^ ^^® ^® spread over the whole. Heat tends 

AO O B to separate these atoms; therefore the less heat the 

qO O greater the density, the greater the number of atoms 

O o affected by anjr given force, and the greater the con- 

O O sequent radiation. So that a force^^cting at A will 

p. jgg affect more and more of the atoms at B, as they aie 

^' ' nearer and nearer together. 

(8.) Examples of Refraetion. — ^An ordinary eye-glass is a 
refracting instrument. Bays of light falling on its surface are 
diverted from their course. Fig. 189 shows how a double convex 

glass converges rays that 
would otherwise continue di- 
vergent But we must bear 
in mind that in considering 
optical instruments, we must 
distinguish between the ob- 
ject as a whole, and its con- 
stituent parts. Thus we look 
^f ^^^' through a telescope at a star, 

or^ through a microscope at a hair, and we get an image like the 
original m every respect but size. Whence comes uiis differ- 
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ence of size ? From the fact that the object gives off light, not 
as a whole, but in a number of rays, travelling side by side, which 
m^ be separated, diverted, and re-combined at pleasure. 

I place a dozen marbles in a circle, at distances of an inch apart. 
Light comes from these to my eyes, and I have the ima^e of the 
' circle ; but this is formed by the circular arrangement of the rays 
of light from twelve distinct bodies. These twelve sets of rays 
can be converged by a regular lens so as to form, in my eye, the 
image of a circle of twelve marbles, a half, a quarter, or a tenth of 
an inch apart ; or, by divergence, as a circle of twelve marbles, 
two, or even three, inches apart. But, by exactly the same pro- 
cess, the rays of light from each marble are also converged or 
diverged ; so that the marbles are smaller as well as closer, or 
laijger as well as farther apart. 

To understaud Refraction and Eeflection, and the process by 
which we are able to alter the size of any image without chang- 
ing it in any other respect, we must bear in mind two things : 1. 
That our visual conception of the size and shape of objects depends 
upon the effect produced on the eye by the light falling on it ; that 
two things affecting the eye in the same way seem a&e, however 
different they may be. And, 2. That the light proceeding from 
any object consists of an indefinite number of independent rays, 
each pursuing its own course ; that it is the way in which these 
rays are grouped together, at the moment they reach the eye, that 
determines our conception of what they represent. 

Examples of the rearrangement of these rays by what is called 
refraction are numerous and familiar. The tinges of colour given 
by the cut-glass drops of chandeliers, or by the sharp projections 
of cut-glass tumblers ; the apparent change in the size of objects 
seen through eye-glasses or spectacles, microscopes or telescopes ; 
the seeming bent condition of spoons, sticks, &c., in water ; — these 
are all familiar examples of refraction, all owing to changes in 
either the direction or character of the rays of light whidi col- 
lectively make up the image. 

(9.) Total Befleotion. — This may be considered as an exam- 

1 




Pig. 190. 

pie of reflection or of refraction. If of reflection, we have a ray of 



316 



REPBAOTION. 




Fig. 191. 



light passing througli a denser medium — ^water, to air — ^and being 

reflected from the surfEu^e of this 
second medium back through the 
denser ; but here the law of refleo 
tion (that the angles of incidence 
and of reflection should be equal) 
is not observed ; if of lefraetion, 
we have a necessary result of the 
law of refraction, that the per- 
pendicular a (fig. 191) should be 
shorter than the perpendicxdar b ; 
that is, that the line of incidence 
should be nearer the line of junc- 
tion than the line of refraction. 

But when the line of incidence 
approaches nearer and nearer to 
this line of junction a 6, and at 
last passes it, we have this law no 
longer. For when A c is coin- 
cident with the line of junction 
— i. «., when the light travels along the top of the water, it will 

enter the water, making an angle A c B thus : A c 

If the ray be considered to be continually de- "^^-^^^^ 

pressed, so that it now passes upward through B 

the water, as in fig. 190, the refracted ra^ will also continually 
approach the line of junction as the incident ray is depressed 
below it, until we have it emerging in the line of junction, as 

B But between these two positions, tiie one 
where the incident ray is coincident with 
A the line of junction, and the other where 

the emergent line is so, we have a space in which the incident 
line (being below the junction, but not sufficiently so as to render 
the emergent line so high as the junction) produces a re&acted 
ray that ^so passes through the denser medium, as in fig. 190. 

If we preserve the distinction between reflection and refraction, 
it is evident that totcU reflection is really an example of re&action, 
and not of reflection ; smce the law of reflection does not hold 
good, while the law of refraction appears at first to do so. If we 
regard refraction and reflection as two phases of a comprehensive 
phenomenon, the total reflection is the border land where ^ey 
meet. 

(10.) Law of Refraction. — ^This is expressed by saying that 
th>e ratio between the sines of the incident and refracted rays « 
always the same for the same substance. To the reader who unde^ 
stands trigonometry, this statement is simple and clear ; to others 
it may be explained by saying that it means the perpendicular a 
is always the same fraction of the perpendicular 6, when a c is 
equal to b c. But thia hoVda tcM^ iox %^jc^ ^\\V^%taxkfie separately. 



LAW AND NATUBE OF BEFRAOTION. 



317 



In glasB and air, in glasR and water, in water and air, or in any 

two transparent media, it is always the same for the same media. 

This might at first seem no more than saying that the change of 

direction produced by one piece of glass, or one glass of water, was 

just the same as that produced by any other piece of glass, or 

glass of water, of the same size ; and this would not excite much 

wonder or admiration. But it 

means more than this : it means 

that if, at any angle at which 

light falls, the line a is }, or 4, 

or \ of the line 6, that it will 

have the same ratio at any other 

angle, whether greater or smaller. 

If oy depressing A c I shorten 

a by one-naif, the ray c B would 

be raised so as to shorten B 6 

one-half also. 

Some thoughtful reader may 
say that when A c is coincident 
with achy the line of junction, 
then a will be 0, while B h will 
still be a real distance ; also that 
when the emergent ray c B is 
coincident with a c 6, then B 6 
will be 0, while a will be a red 
distance. But the law is for light passing &om one medium to 
another, not for light continuing in the same medium. 

(11.) Nature of Beftaotion. — Just as reflection is bending a 
ray of light, heat, or sound more or less back again towards the 
starting-point, so refraction is bending such ray more or less away 
from its direction. Roughly speaking, the distinction between re- 
flection and refraction is, that in refraction the ray is affected by 
passing through a body, while in reflection it is affected by the 
surface only. The name refraction suggests the theory that light 
is broken up into its constituents. 




Pig. 192. 
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Light, heat, or Bound, passing thibngh any body is affected 
more or less in direction, velocity, and wave-length. This is 
called refraction. Page 307. 

White light, when refracted by prismatic bodies, is decomposed 
into its constituent coloured rays. Page 308. 

Or it is so altered in its velocity and wave-length as to give the 
impression of colour. Page 311. 

Light passing through bodies having parsJlel surfaces is only 
affected as to its direction, and not as to its colour. Page 312. 

Some prismatic bodies disperse light more than others — i&, 
produce a longer spectrum. Page 313. 

The amount of refraction is affected by changes of density or of 
temperature. Page 314. 

All eye-glass, a microscope, a telescope, are examples of refrac- 
tive apparatus. Page 314 

Total reflection is an example of refraction. Page 315. 

Eefraction is governed by nxed laws. Page 316. 

Refraction is so called because it is supposed to break up light 

Page 317. 
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(1.) IntroduotioxL — ^We are bo fiEuniliar with the passage of 
heat, light, or sound through air, and of light through glass, that 
these are often considered as matters of course. But they are as 
remarkable as any other phenomena, when really thought of. 
Why should light pass through glass, and not through wood or 
iron? When Hght does so pass through glass, what is really 
done ? The soui'ce of light is on one side of the glass and our 
eyes on the other side ; what effect does the glass produce on the 
rays of light ? what effect do the rays of light produce on the 
glass? 

If we assume the existence of an ether, then we must consider 
transnussion to consist of the passage of the ether through the 
interstices of the glass ; otherwise, we must assume the particles 
of glass themselves to vibrate, and thus transmit the li^ht. In 
either case we must assume the glass to consist of particles ar- 
ranged very regularly. 

(2.) Examples of Transmission. — Sound is transmitted 
through almost any substance. Heat passes through rock-salt, 
sulphur, glass, and ice, in solids ; through bisulphide of carbon, 
olive-oil, sulphuric acid, and water, in liquids ; through air, 
oxygen, nitrogen, and hydrogen, in gases. In these enumerations 
I have placed first the substance that most readily allows the 
passage of heat— ^. e,, rock-salt in solids, and bisulphide of carbon 
m liquids. All the four gases named appear to allow heat to 
pass through with equal completeness. Light passes through 
glass and horn in solids, water and many other liquids, and 
through gases, with great readiness. 

We are so familiar with the transmission of lif^ht through glass, 
that we seldom stay to think how remarkable it is. We know 
that sound is conveyed by solids; but light is eo much more deli- 
cate a vibration, so infinitely minute, that it is amazing to thixsik 
that each pidsation is conveyed accurately and (iOTD."^\fewj ^iJoxevi^ 
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BO solid a material as glass, a substance so compact that it keeps 
out every breath of air, eveijr speck of dust. 

Force is also transmitted in the form of electricity or magnet- 
ism ; but not by the method of radiation, which we usually call 
transmission. 

Heat, light, electricity, &c, are examples of the form, in which 
force may be transmitt^ ; so radiation, reflection, re&action, con- 
duction, are examples of l^e method of transmission. 

(3.) Besults of Transmission. — The result of transmission 
is simply the transfer of force from one place to another. Eadia- 
tion, renection, refraction, are all examples of transmission ; but 
the term transmission is used for the passage of heat, light, or 
sound, through a solid, liquid, or gaseous body, without reierence 
to any change in character or direction, but only to amount. So 
that it simply means the transfer of so much force, either as light, 
heat, or sound, from one side of a given body to another. 

(4.) 19'ature of Transmission. — The transmission of matter is 
always evidenced by the fact that it was here, and it is there ; and 
it has been moved from one place to another. So the transmis- 
sion of force is shown — ^it was here, and it is there. But just as 
a body that has changed its place must have passed through eveiy 
point of the path along which it travelled, so transmission of a 
lorce implies a continuous medium of transmission. I cannot 
pull by means of a chain of which a sii^le link is missing, nor 
push by a rod that is not continuous. tJust so, a vibration can- 
not be transmitted across an absolute vacuum. Transmission of 
heat, light, or sound, is simply a continuous vibration : it may 
be the vibration of an ether, or of ordinary matter : the trans- 
mission ma^ be between, or by means of, the particles of the 
familiar objects surrounding us ; but it is the continuance of 
motion from particle to particle. 
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Force is transmitted from place to place in the same manner as 
matter. Page 319. 

Light is transmitted through horn, glass, and air ; heat through 
rock-salt, sulphur, glass, oil, water, and air ; sound through mok 
substances. Page 319. 

The result of transmission of heat, light, sound, is the transfer 
of force from one place to another. Page 320. 

Transmission of force is performed by the continuance of 
motioTi from particle to particle of the memum of transmissioD. 

Page 320. 
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(I.) Introduotion. — The light falling from a candle upon a 
lookmg-glass divides into two rays, each reflecting an imc^e of 
the can(ue. One of these comes from the first surface, and one 
from the second — i.6., when the light falls on the glass, part of it 
is reflected and part refracted : one part is transmitted through 
the glass, and part back through the air ; and the part passing 
through the glass falling on the mercury, is again divided, one 
part entering the mercury, the other being reflected. It depends 
upon the angle of incidence which of these reflected images shall 
be the more distinct. The smaller the angle between the ray and 
the surface, the more distinct the first image, and the less the 
second. 

This is a simple example of one ray being divided into two, or 
rather of one ray producing two. Under certain circumstances 
these two rays, so produced from one, differ in very important 
points from each other. The questions to be answered are — 1. 
What circumstances divide one ray into two ? 2. What differ- 
ences exist between these rays ? 

(2.) Causes of Polarisation. — (a) Division of Ray, — Iceland 
spar is transparent, so is tourmaline, so is glass ; but the trans- 
parency of glass differs in a very important manner from that of 
spar or tourmaline. In well-made glass the particles are all at 
the same distance from each other ; in spar or tourmaline these 
particles are more compressed in some directions than in others. 
The result is, that a single ray of light falling upon glass continues 
a single ray through the glass (not counting the reflected ray) ; 
while a single ray falling upon spar or tourmaline becomes a 
double ray — ^.e., two ray 8 passing <Aroi/^A, besides the reflected 
ray from the surface. This arises probably from the compres- 
sion of the spar or tourmaline being greater in some directions 
than in others. A rough parallel may be indicated thus ; Sup- 
pose water to be running through one pipe into another, and that 
at one place the substance of the pipe is very thin. 11 svx.OcL'^Smai 
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part be at a comer, so that the water impinges upon it, an open- 
ing will probably be made through which some of the water will 
pass, and so the one stream will be divided into two. 

If, however, such weak place be at the side of the pipe, so that 
the water merely passes by, there will be much less cnance of a 
rupture. Just so, if in its ordinary direction the refracted ray 
meets with a point where (from difference of density) the force 
finds another mrection in which it can proceed, in obedience to 
the ordinary rules of refraction, as easily as in the normal direc- 
tion, there will be, naturally, two rays instead of one. 

(6) Planes of Vibration. — Therefore, we may say, the cause of 
polarisation, so far as the duality of the direction is concerned, is 
the variations of density in the refracting substance. We have then 
to consider what is the difference between the two rays, if there 
be a difference ; and from what cause such difference arises ? The 
difference is considered to be in the plane of the vibration. Thus, 
if we pour water through a circular pipe which opens into two 
others, both very flat, the one circular stream will divide into two 
flat streams. Just so an ordinary beam of light is considered to 
be vibrating on all sides (jiot to andfrOy but in and out from a 
central core, as it were) ; but when polarised, to vibrate only in one 
plane. Thus, to continue our parallel of the circular and flat 
streams of water, let us take a cylindrical pipe 1 inch in diameter, 
and two flat pipes, also 1 inch one way but very thin, say ^ of an 
inch, the other. Now, if I place the flat pipes on the groimd, one 
flat, the other on edge, and pour water through the cylindrical 
pipe into the two flat pipes, I shall have the exact parallel of 

Solarised light A circular beam of light is broken up into two 
at beams at right angles to each other, one being flat, the other 
edgeways on the ground. * 

Let us consider a vertical beam of light. This is believed to be 
vibrating to and from every point of the compass, north and south, 
east and west, north-east and south-west, north-west and south- 
east, &c. Such a ray, when polarised, is believed to be divided 
into two, one vibrating only north and south, the other only east 
and west'; or one nortn-east and south-west, the other north-west 
and south-east. The exact directions of the resulting vibrations 
would depend upon circumstances, but there would be two rays 
of light, each vibrating in one plane only, and at right angles to 
each other. 

But we must bear in mind that it is not the division of one ray 
into two or more rays that is meant by the term polarisation, but 
the reduction of the planes of vibration to a single one. The 
origin of the term is its use in magnetism. Just as a magnet is 
supposed to have two opposite poles, so the ray of light is sup- 
posed to have two opposite directions of vibration, and only two: 
up and down, right and left, north and south, as the case may be. 

(3.) Methods of Polarisation. — (a) By Eeflection. — flight 
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falling on glass is partly reflected, and more or less polarised. It 
is also partly refracted. When the refracted ray and the reflected 
ray are at right angles to each 
ouier, then the reflected ray 
is wholly polarised. That is, 
when the angle ohdifiSi right 
angle, the reflected ray o 6 is 
completely polarised. The vi- 
hrations ca such a beam is then 
in one plane only, and that 
plane is parallel to the sur- 
face A B, which is the polaiils- 
ingsnrface. 

This relation between the 
reflected and refracted rays 
happens in the case of glass 
when the incident ray is at an angle of about 56^. If the sub- 
stance refract more than ^lass, the angle must be greater for ike 
reflected ray to make a right angle with the refracted. Thus, 
in a diamond, the angle is about 68°. If the refraction be less 
than in glass, the angle must also be less ; thus, in water, the angle 
is only a little over 50°. 




Fig. 193. 





z 




Fig. IW. 



Fig. 195. 



(6) Polarimtion hy Refructim, — ^The refracted portion of a 
beam of light is also polarised, more or less, but its plane of vibra- 
tion is at right angles to that of the vibration of the reflected ray. 
K the reflected ray be wholly polarised, the refracted ray wfll 
be partially polarised, the quantities being equal When they are 
at riffht angles one is completely polarised ; when their angle is 
less than a right angle the polarisation of each is but partial. 

When a ray 6 o falls on a plate of glass at an angle of 45°, it is 
reflected, also at 45°, in the ray o a. If it passed through the 
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glass in a straight line with the line of incidence, as A o A, 
fig. 194, then the reflected and refracted rays o a (fig. 194) and 
A (fig. 195) would be at right angles, each being 45** with the 
snrfiEice. But the angle between these rays is increased by the 
small angle A o o', so that the angle between the reflected and 
refracted rays is more than 90°. 

But by depressing the line of incidence 6 o (fig. 195), I likewise 
depress o a; also I raise o o* (tig. 195), so that the refracted and 
reflected rays gradually approach each other. By this I compen- 
sate for the extra angle A o o\ and the two rays produced by the 
incident ray are at 90°, and then both are equally polarised. 

Since the angle A o o' increases with the refracting power of 
the substance, the depression of the incident ray must also in- 
crease to compensate tnis. So that the polarising angle increases 
with the refractive index. 

By means of the circular tube and two flat tubes already men- 
tioned (p. 322), I could construct a rough model of the three rays, 
incident, reflected, and polarised, of total polarisation. Thus the 
circular tube placed at the proper angle would represent the in- 
cident ray vibrating in all directions around its path ; one flat tube, 
placed so as to make an equal angle with the vertical line, would 
represent the reflected ray vibrating only from side to side, paralld 
with the reflecting surface ; the second flat tube, placed at right 
angles with the first one, and therefore at the proper refractmg 
angle with the circular tube, would represent the refracted ray, 
vibrating only up and down, perpendicular to the surface of the 
refracting body, and to the vibrations of the reflected ray. 

(4.) ResTilts of Folarisation. — If a polarised ray of light fall 
upon a second plate of glass, the result wul depend upon the angle 
of incidence and the position of the glass with respect to the plane 
of vibration. If the mirror be at the polarising angle (so that the 
reflected and refracted rays are at 90°), then in one position, when 
the two mirrors are parallel, the amount reflected is the greatest, 
and that refracted least — i.e,^ more of the light is reflected than 
at any other position. In this position the vibrations of the 
polarised ray are parallel to both mirrors, and the ray falls side- 
ways, as it were, on the second mirror. If I use the flat pipe be- 
fore spoken of to represent the ray, it will rest with its flat side 
on each glass. If now I turn the upper mirror 90% it is no longer 
parallel to the lower, and the enrf of the vibration, not its side, 
strikes its surface — i.e., the upper mirror would rest on the edge 
of the thin pipe, and not upon the side. In this position the 
polarised ray is considered to be wholly transmitted, and not at 
all reflected. 

As I turn the upper mirror from the position parallel to that 
at right angles to the lower, the reflected ray decreases in intensity 
gradually, and at last vanishes; but if I continue turning the 
mirror, the reflected xay gradL\:Laily infiieases, until, after passing 
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its maximiun, it again decreases, — ^tlie increase and decrease de- 
pending entirely npon whether the ray impinges upon the mirror 
more or less sideways. 

A rough illustration of this may be shown by striking a stick 
on some moderately compact body, first lengthways and then end- 
ways. Thus I could force a stick througn thin ice much more 
readily by pushing it endways than by u^wing it down side- 
ways. So, again, uie hand meets less resistance 3 put into water 
edgeways than if pressed flat down. 

^6.) Curved Folarisation. — ^I have defined "polarisation of 
lignt " as being a vibration in a single plane. But the term is 
used more comprehensively, so as to include vibrations of a spiral 
kind. I hold a small weight suspended by a string, and set it in 
motion to and fro like a pendulum. It vibrates in one plane only. 
Let this be north and south. If, at the moment the weight is 
at the end of one vibration, and about to commence another, I tap 
it lightly, so as to move it also in an east and west direction, it has 
now two distinct forces acting upon it, 
one tending to move it N. and o., and 
one tending to move it E. and W. The 
result is, uieoretically, a quadrangular 
motion — practically, a circular. Its 
motion is IT. E., then S. E., then S. W., 
then N. W. The figure thus described 
is in theory a diamond ; but in practice 
it becomes a circle or an ellipse. 

Thus let the polarised vibration be 
from W. to E. and a force acting from 
S. to N. be added. These two forces 
will combine to produce a motion from 
W. to N., from IT. to E., from E. to S., and from S. to W. 

If the amount of motion from W. to E. exactly equal that from 
N. to. S., then the movement will be circular. If either be greater 
than the other, the motion will be elliptical — t. e., one diameter 
will be greater than the other. If one of the diameters gradutdly 
decreases until it becomes 0, then the el- 
liptical polarisation becomes plane. 

If, then, a plane vibration receive any 
impetus in a second plane, the result will 
be a curved motion. JBut how can a vibra- 
tion receive an impetus ? It is not moMer 
but motion. Truly; but motion is the 
motion of matter, not motion abstracted 
from matter. 

Let there be a vibration to and fro be- 
tween A and R This will pass from par- p. ^^^ 
tide to particle, each moving but a short 
distance to and fro. When the partiGle A \fi immxi^^) ^sA ^i^ ^^ 
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otlieiB are at rest, let a force be applied that, hj itself would tend 
to Bet A in motion towards C, and bo to set np a vibration in l^e 
particles between A and C. A can no longer move directly to- 
wards By because of the new force ; nor can it move directly to- 
wards C, because of the old force. The result will be its motion 
towards D, and the setting up of a vibration in the atoms of the 
line A D, while the atoms in A B and in A C remain at rest 
Thus the direction of a vibration is changed from A B to A D ; and 
this is what is meant by saying that a vibration receives a new 
impetus. 

it will be well to bear in mind that the second force need not 
be at right angles to the first, nor need it act at any particular 
point in the range of the vibration. 

(6.) Methods of producing curved Polarisation. — ^The 
question now occurs. How can this second impetus be given to a 
ray of polarised light ? One method is by the convergence of two 
plane polarised rays. Two such rays may meet at any an^le and 
with any inclination of their planes. If I use the two flat tin 
tubes already spoken of (p. 322) to represent the two rays of light, 
I may place them together at any angle, and side to side, edge to 
edge, or the edge of one to the side of the other, &c Also the two 
rays may have any given ratio of intensity. 

If their planes are the same, the resulting ray will still be plane 
polarised ; but if the planes be at right angles, and the rays be 
equal, the result will be circular polarisation. 

If the rays be unequal, or if the angle be less than 90°, the 
resulting ray will be elliptically polarised. It will be seen that 
the laws governing these are the ordinary laws of mechanics, and 
that the results are examples, in a very refined degree, of these 
ordinary laws. 

Another method is the use of transparent substances. A ray 
of plane light passing through a crystal mav be elliptically or cii> 
cuTarly polarised by means of a motion conferred, not by a second 
ray of hght, but by the crystal itself. I have described these 
under the head of '' Apparatus,*' at the end of this section of the 
book. 

(7,) Colours from interference of Polarised Idght.— 

Colour depends on the velocity and extent of the motion given to 
the optic nerve by the light falling on it. Now two ordinary rays 
of light meeting produce colour; so will two rays of polarised 
light, under similar circumstances. If a ray of light fall on a lens 
of selenite, or any other doubly-refracting crystal, it will be 
divided into two rays at right angles to each other. By proper 
apparatus these two rays may be made to meet, and by their 
mutual interference proauce coloured figures. 
^ A distinction may be diawii Vi^\7NfterL th^ colours of Newton's 
rings, which are caused "by t\i.fe m^fcifeienRfc oi \ni^ t^^^ ^1 ^-tJiiMa^ 
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light, and the coloured figures of polarised light, caused by the 
interference of two rays of polarised light. But the distinction 
will prove, I think, to be more in name than in fact 

To save repetition I have described the method of producing 
these coloured images under the head of '^ Apparatus lor polar- 
isation" (p. 328). 

(8.) iM'ature of Polarisation. — ^We say a magnet is polarised 
when all its constituent particles are arranged regularly side by 
side, aU having the N. poles turned one way and me S. poles the 
other. We do not pretend to explain what we mean by N. and S. 
poles, but only to say that the body magnetised has each particle 
arranged in obedience to some power exercised over it by tne body 
of the earth. This power may be inherent in the earth, or con- 
ferred on it by its revolution or motion in its orbit ; and arrange- 
ment of the particles may depend upon the shape, or weight, or 
nature of the particles themselves : all that is meant is, that the 
earth does exert force, and that the particular body has its atoms 
subjected to this force. The term "polarised" is given to any 
body whose particles are so arranged. 

In the same way we mean, by the term " polarised light," a ray 
of light whose direction of vibration is in one plane, in obedience 
to some force to which it has been subjected. This plane need 
not have any reference to the earth's geographic or magnetic poles, 
but it has reference to the position of the refracting and reflecting 
body by which the polarisation is produced. This is saying no 
more than that the same force that polarises the light also deter- 
mines the plane of polarisation. 

Magnetisation is a polarisation or arrangement of moMer; po- 
larisation of light is an arrangement of the motion of matter in 
a state of vibration. By matter in a state of vibration I mean 
a body that does not move as a whole, but whose particles are 
constantly moving through very minute intervals of space, just 
as a pendulum moves to and fro, but does not change its posi- 
tion beyond certain limits, and continusdly returns to its original 
place. 

Polarisation of light, therefore, means no more than the conver- 
sion of an ordinary beam of light, vibrating in all directions in 
parallel planes, to a ray vibrating in one plane onlj ; or rather it 
means that the force impressed upon certam reflecting and refract- 
ing bodies by ordinary light enables those bodies to set up other 
forces each acting in one plane only, and having all the other 
properties of light. 

Ihave used the term polarisation of light because it is so much 
more easy to describe ana to understand, but polarisation of heat 
is effected by similar apparatus. The experiments, results, and 
laws of both seem to be the same. Very possibly, if we had suit- 
able apparatus, sound would prove as amenable to tl;i<^ %ax£v^ ^^ ^'^ 
influences aa heat or light 
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(9,) ApparAtos for TdlnrimmfUm^ — To pclarim 1j§ iS^hv 
Uon. — Ah that is eesentul to prodooe polsdacticm br mgniB of 
reflecticai is a laj of li^ and a pieee of g^an. If tlifizsrcfS^ 
fall on the glass at any ans^ the reflected xaj will be sidr or 
less polarised ; if the an^ be aboot d5* with me pexpendicnfaB; 
or Z5r* with the stuface, Uie reflected r^ will be w&Shr fdlMnaaL 

To polari$e by Refrcuiion. — Single K/^railtion. — The reflected 
ray just mentioned is not the only ray produced by tiie riwadpt 
ray ; there is also a refracted ra^ (the gmas is not sflTcred) wlk^ 
is partially polarised. By partially pcSarised I mean thai paxt of 
the ray is polarised We Have tiie ordinary phenomeDan. ot a nj 
of lignt falling on a piece of glass, and being partially refleetod 
and partially refracted dsnally the greater part of tlie inridwit 
ray is refracted, a small part only being reflected. The qwamtity 
of (he refracted ray that is polarised is considered to be aiwags 
equal to the quuintUy of the reflected ray that ispolariscd, Sx^ 
pose i at the whole to be reflected and polarised, then f is le- 
iracted, and ^ of this, ^ of the whole, is also polarised. This 
leaves ^ as being refracted without polarisation. 

We nave now to consider if there be any way by which we 
may polarise the whole of the refracted ray. By placing a second 
plate of glass behind the first, we have a second reflection and le- 
rraction, the reflected ray being again ^ and the refiracted ray ^ of 
the whole portion remaining unpolarised. By a third plate bemg 
placed behmd the second, we get a third reflection and re£^action, 
and we may increase the number of plates until the whole of the 
remaining portion of the ray is polarised. 

To recapitulate, and, for simplicity, keeping the assumed ratios 
of i reflected and | refracted at each glass plate, we have — 



1! 



reflected, polarised. 
Ist plate, ... \\ refracted, polarised. 

refracted, unpolarised. 



J of 4 "= i reflected, polarised. 
2d plate, <{ i of ^ » | refracted, polarised, 
i of -^ «= i refracted, unpolarised. 

^ of ^ = y\ reflected, polarised. 
3d ])late, ^ i of -^ = y^ refracted, polarised. 
I of I =3 I refracted, unpolarised. 

■^ of I = sV reflected, polarised. 
4th plate, <{ i of | s=: ,\ refracted, polarised. 
{ of I s= y^ refracted, unpolarised. 



At each fresh sur- 
face the half of the 
light remainingon- 
^larised is trans- 
\ mitted still unpo- 
larised, one quarter 
reflected and the 
remaining quarter 
refracted, both po- 
larised. 



And so on, about twelve plates producing practically perfect 
polarisation. There is probably, also, a second division at the 
second surface of each plate. 



niool's frism. 
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Fig. 108. 



Dcvhle Eefraction, — We have seen that some crystals (for 
example, Iceiand-spar^ divide a ray of li^ht 
into two — or rather, tnat a ray of light fallmg 
on such a crystal produces two rays. Both 
of these are polarisea, and both are parallel to 
the original ray. Thus the ray O, falling on 
one side of the piece of spar, produces two rays 
on the other side, one at C ana the other at D. 

On emergence, each of these is parallel to the 
original direction, obeying the same law. Thus 
the incident ray A o, fig. 199, falling on one side, 
emerges on the other as o' B, parallel to A o. 
But in double refraction there are two emergent rays, both parallel 
to the incident ray, and hoth polarised. 

The problem is, how to separate these 
so as to get a single ray of polarised 
light. This might be done by using a 
prism instead of a plate. Tms would 
make the rays divergent, and so the two 
rays would be more separated at every 
increase of distance. But also the light 
would be decomposed or coloured. To 
avoid this, and to obtain a single ray of 
polarised light, a Nicol's prism is one of 
the best instruments, it ingeniously 
interposes an obstacle in the very centre 
of the prism, which turns aside one ray, 
but which the other ray overcomes — just ,/j 
as an ordinary shield or breastplate /4 
might divert a bullet and be pierced by 
a cannon - ball. A piece of spar, hav- 
ing parallel sides, fig. 200, is cut difi^onally, and then put together 
again by means of a thin layer of cement. The object of the 
cutting is not to divide the spar, but 
to interpose the layer of cement The 
ordinary ray is totally reflected — i. e., 
turned sideways — ^by this layer (which 
is for this purpose composed oi Can- 
ada balsam) ; while the extraordinary 
ray passes through it, and emerges 
alone. 

The refractive power of Canada balsam is greater than required 
to divert the one, but is not sufficient to divert the other. The ac- 
tion of the prism is essentially the interposition of this obstacle 
within the prism. 

But why should the two rays have differing forces ? Why 
should one only be able to pass through ? This might be answerea 
by referring to polarisation by reflection (p. 322), and asking 
why a ray of polarised light Tml be almost wholly reflected or 




Fig. 199. 




Fig. 200. 
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wholly transmitted according as it is vibrating parallel to the 
plane or at right angles to it — ^according as it impinges sideways 
or endways on the surface ? The two rays passing through tne 
prism and meeting the cement are also yiorating in different 
planes, one falling side and the other end ways upon it^ and so 
one exerts more force than the other. 

(10.) Circular Folarisation. — 1 have already shown that ellip- 
tic and circular polarisation is produced by the interposition of two 
rays of plane polarised li^ht. The problem to be solved is to get 
two such rajs. " Fresners rhomb is the usual instrument. It 
is a piece of glass with parallel sides, two of its angles being 126°, 
and the other two being 54^ If such a plate of glass be placed 
at an angle to the plane of a ray of polarised fight falling on 
it, it will be totally reflected twice. The result of l£e first reflec- 
tion will be two rays, both polarised, at right angles to each other, 
and both coincident. The result of the second reflection will be 
the combination of these two rays into a single ray of polarised 
light. If the angle of the plate and the plane of the original ray 
be 45*^, the resulting compounded ray will be circularly polarised ; 
if it be more or less than 45°, the result will be a ray eUiptuxUlp 
polarised. 

(11.) Test of Polarisation. — How shall we prove whether a 
given ray of light be polarised ? It does not produce any special 
and easily observable effect under ordinary circumstances. One 
test is to place in the path of the ray to be tested a substance 
having a cleavage — that is, a substance made up of Ift-TniTiin or 
plates. It is foimd that if such a ciystal be interposed in the 
path of a ray of polarised light, it wiU sometimes tdlow the ray 
to pass through, and sometimes prevent the passage. 

To post a letter in a letter-box it is necessary that it be parallel 
with tne length of the opening. If placed across the opening it 
would be stopped by the sides. So a ray of polarised light — i, e., 
a ray of light vibrating in one plane only — ^wul only pass through 
the crystal when the axis of the crystal is parallel with the vibra- 
tion of the ray. If the crystal be gradually turned round, the 
light that passes will gradually diminish unm, when the axis is 
at right angles to the plane of vibration, it is wholly prevented 
&om passing. 

These crystals, or any substance of which the molecular ar- 
rangement varies in density, have the power of polarising light, 
and also of testing this polarity. Therefore, two pieces of 
tourmaline, for example, put in two frames, and united by a 
handle (something like a pair of sugar-tongs, the crystals being at 
the extremities) will serve as a polariser and analyser — the one 
plate causing the polarisation, and the other proving its existence. 

Thus the first plate resolves an ordinary ray of fight into rays 
at right angles to each other. Both of these rays may fall on the 
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Becond plate, but only the one parallel to the axis of the crystal 
will pass through, the other being stopped. 

A oetter memod is by the use of Iceland-spar as a polariser, 
and a Nicol's prism as an analyser. Here, as before, the spar 
produces two rays of light vibrating at right angles to each 
other. One only of these rays is transmitted by the Nicol's 
prism, and this only when the axis of the prism is parsdlel with 
the vibration. If it be placed crosswise, no light at ^ passes. 

Let us suppose the two crystals thus placed crosswise, and no light 
whatever to pass through, I now interpose between them a third 
crystal (say, a plate of selenite). I put this obliquely — i,€,, paral- 
lel to neither of the other crystals — and light is now transmitted 
through the three crystals. The plane of vibration of the inter- 
posed crystal acts as a kind of inclmed plane to lead the light from 
one ciystal to the other, bridging the interval it cannot leap. 

If tne interposed crystal be thick the light will be white ; if 
thin it will be coloured ; and the colour will depend on the 
thickness of the plate, and vary if that thickness vary. 

If the interposed crystal be in the shape of a prism, we shall 
get refraction, and a kmd of spectrum. But if instead of a prism 
I use a double concave plate of crystal, I get instead of bands of 
coloured light a series of concentric coloured rings. 
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SUMMARY. 



(1.) One ray of light may be divided into two or more rays, 
both by reflection and by refraction ; and these rays are more oi 
less polarised — ^.e., vibrate in one plane only. Page 321. 

(2.) A ray of light passing through a transparent body of un- 
equal density, is cuvided into two re&acted rays, each vibrating in 
one plane only. These differ between themselves by vibrating in 
planes at right angles. Page 322. 

(3.) A ray of li^t falling on glass at an angle of nearly 56° with 
the perpendicular to the surface, or 34° 5' wim the surface, is par- 
tially reflected and partially refracted. The reflected ray is wholly 
polarised, the refracted ray only partially, but the quantities of 
light polarised are eaual. JPage 323. 

(4.) If a polarisea ray of reflected light fall upon a second 
mirror parallel to the mst it is almost wholly reflected : if it 
fall upon a mirror perpendicular to the first, it is wholly tranfi- 
mitted. Page 324 

(5.) Plane, polarised light is only one example of poLarisation. 
A ray of light may be polarised so as to vibrate m a curve, 
either a circle or an ellipse. Page 326. 

(6.) A ray of curved polarised light is produced by the meet- 
ing of two rays of plane polarised ught. Page 326. 

(7.) Colours, and oands of light and shade, may be produced 
by the interference of jjolarised light. Page 326. 

(8.) The term polarisation is borrowed from the idea of a 
magnet — the ray of light being supposed to have poles, or sides, 
of vibration. Page 327. 

(9.) The apparatus requisite for polarisation consists of a re- 
flecting or refracting substance — glass, Iceland-spar, tourmaline, 
and selenite, are substances usually employed. " Nicors prism" 
is an instrument for plane polarisation. Page 328. 

(10.) For circular or elliptical polarisation '^Fresnel's rhomb" 
is the ordinary instrument. Page 330. 

(11.) The test of polarisation is in the fact that a ray of polar- 
ised light can pass through a crystal only when the axis of the 
crystal and the plane of polarisation are paralleL Page 330. 



CONDUCTION. 



(1.) Introduction. — ^We speak of a condvjctor as a person who 
leads or guides us ; of a conduit as a channel for the passage of 
water ; so we call a substance a conductor if it conducts or jjer- 
mits the passage of force, either as heat, sound, or electricity. 
Thus we say that iron is a good conductor because heat travels 
rapidly along it, as is shown oy a poker placed in a fire, when the 
handle also soon becomes heated. We say that glass is a bad 
conductor, because we can hold a piece of glass in a flame and not 
feel any heat even within a few inches of me flame. It might be 
considered that air, through which heat and light travel so easily 
and completely, is one of the best conductors, but it is doubted by 
some whether it be any conductor at alL 

(2.) Effects of Conduction. — The effect of conduction is the 
tnmsfer of force. Just as by means of a pipe I can transfer water 
from one vessel to another, so by means of a poker I can transfer 
heat from a fire to a pail of water, sound from a kettle to the ear, 
or electricity from one body charged with it to another less so. 
A thin wire stretching from one town to another, hundreds or 
even thousands of miles apart, will conduct electric force from a 
battery to a needle or bar of soft iron. 

It m&j be asked. What is the effect of the conduction upon the 
conductmg body itself ? What would be the effect, upon a pipe, 
of water passing through it ? One effect would be that the pipe 
would itself contain some of the water, that every portion of^the 
transferred water would pass through every part of the pipe. So 
a conductor of heat is itself raised m temperature by the passage 
of heat through it. 

The effects of conduction may therefore be said to be two : — 
(1) the transfer of force (in whatever form) from one extremity 
of the conductor to the other ; and (2) the absorption of some por- 
tion of the force by the conducting body. But air allows sound, 
heat, light, &c., to pass through it completely, or almost so; and it 
is therefore considered that the ether, whose vibrations axe con- 



334 CONDUCTION. 

ddered to be li^ht and heat, passes tlirongh air, between its 
particles, and without in any way affecting it. Also, a piece of 
metal, or other good conductor, transfers heat in all directions, 
though not with equal readiness, while it passes through air only 
in straight lines. Thus a circular plate of metal, if heated at one 
' point, would give off heat at every point on its circumference, 
while the same heat that thus passes in all directions through the 
metal would only radiate through air in one direction. 

From these two facts, heat is said to radiate through air and to 
be conducted through metals. This implies that conduction is 
not only transmission of force, but also being affected by it. But 
conversely we say that glass and sealing-wax are bad conducton, 
because tney absorb so much of the force and transmit so little. 
We may hold a short piece of sealing-wax even when one end u 
burning. Therefore transmission of force is the one essential con- 
dition and effect of conduction, though, when this is most com- 
plete, it is called radiation. 

(3.) Varieties of Conduction. — ^Heat^ sound, electricity, and 
galvanism may be conducted; but wo cannot transmit light or 
magnetism in the same way. Nor can we transmit heat, sound, 
and electricity in exactly the same degree by exactly the same 
mediuuL Thus a fine wire will conduct electnc or galvanic force, 
but heat and sound reouire a thicker conductor for their rapia 
transmission. This prooably follows from the difference between 
the two kinds of force, heat and sound being vibrations, while 
electricity is probably a force of arrani^ement rather tnan of 
vibration. But this is only a difference of degree, for a charge of 
electricity that will be conducted by a thick wire will be con- 
verted into heat if it be communicated to a thinner wire, and this 
so much as to fuse the wire. 

We may therefore say that force is conducted in one of two 
ways ; by vibration, communicated from particle to particle, as in 
heat or sound ; by polarisation, also communicated from particle 
to particle, as in electricity and galvanism. Either of these 
methods readily passes into the other. 

(4^ Conducting Substances. — Solids. — Oi solids, metals 
are tne best conductors ; other inorganic substances, such as earth 
of various kinds (clay, sand, marble, &c.), have much less conduct- 
ing power. Organic substances (such as wood, straw, cotton, &c) 
are still worse conductors. 

Liquids, — Conductivity in liquids is usually much less than in 
solids. Thus water may be boiled in a glass vessel over a lump 
of ice without the ice being melted, the heat finding it easier to 
boil the upper stratum of water, than to pass downwards through 
the water and glass to the ice : a kettle of water placed in front 
of a fire, or below it, so that the heat has to pass sidevoays or 
downwards^ is very muc^^i \oii%<&T in. reaching the boiling-point 
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than when placed above the fire. In the first two cases the heat 
is transmitted by conduction only, and that very slowly ; in tiie 
latter, the motion upwards of the heated particles comes into ac- 
tion and produces the effect much more readily. 

Gcues. — ^As I have already said, it is a question whether gases 
have a conductive power at alL That heat passes through gases 
is beyond a doubt, but whether by conduction or convection is 
disputed. In an^r case, it may safely be considered that, bulk for 
bulk, the conducting power of a cas is very sm^ll indeed as com- 
pared with that of solids, especially metals. 

In furs, the intervals between the hairs are filled with air; and 
these are so separated that convection cannot well take place. 
The result is that furs are very bad conductors. A cat wul lie 
inside a fender, exposed to a scorching heat, without appearing to 
be otherwise than comfortable. 

(5.) Causes affecting Conducting Power. — The same 
snbstiance has not always the same degree of conducting power. 
This is affected by various circumstances. 

TempercUure, — ^A cold piece of metal will conduct heat better 
than a warm piece ; also, therefore, the same piece of any con- 
ducting substance will decrease in conductivity as its temperature 
is raised. Conductivity therefore decreases as the temperature 
increases, and increases as the temperature decreases ; or, in other 
words, conductivity varies inversely with the temperature. A 
moment's reflection will show this to be what might be expected. 
The more closely the atoms of a body are together, the more 
promptlv will any force communicated to one be delivered to the 
next. A row of marbles are placed closed together, I strike the 
first, almost all the force acts upon the last, which is the only 
one to be moved to any extent. The same marbles are placed at 
short intervals ; a force communicated to the first now moves 
each one through one of these intervening spaces, and the last is 
moved by only what remains of the original force. The greater 
these intervals the less force remains to act on the last So tiie 
more distant the particles of a body, the less will any vibration 
siven to one reach the next ; heat separates the particles of a 
Body, and therefore leaves more work to be done in crossing the 
intervals. Or, in electricity, the force of arrangement will be less 
as the intervals through which atoms act on the next is increased. 

Molecular arrangement. — Wood has what is called a " grain," 
minerals have "cleavage," crystals "axes of crystallisation." 
In other words, wood is composed of threads or fibres, minerals 
of plates or leaves, and crystals of groups. These arrangements 
affect the passage of heat or electricity, and the modification 
may, as oefore, be traced to the differences of distance at 
which the atoms act on each other. If we were considering the 
mutual action of two bar-magnets we should take into account 
the distance between them^ and should fii^d t\i^ QL^\ioTL\iiSx^;ftSiifo ^s^ 
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the distance was decreased, and vice versa. Just as really does 
the distance between two molecules of a body Qiowever small 
these ma^ be^ affect their action on each other, whether that be 
one of vibration or of arrangement. The laws of nature know 
nothing of large or small ; an interval of one-millionth of an inch 
is as r^ an interval as one of a nule. It is only the weakness 
of our perceptive powers that makes us think otherwise. If, 
therefore, I use wood as a conductor of heat, I find that its con- 
ductivity is greater along the fibre than across it; if I use a 
mineral, I find heat to travel along a plate or leaf more readily 
than across the plates, from one to another ; if I use crystals, 1 
find the most ready passage to be along the axis, and the least 
across it. 

We must distinguish between mere weight and compactness. 
It might reasonably be expected that the heaviest woods or metals 
would be the best conductors, because of the greater number of 
atoms in any given volume, and the consequent greater density. 
But it does not follow that all atoms of all woods or metals are 
exactly the same size, and that weight represents simply the num- 
ber of atoms present. It may rather be that conductivity depends 
upon the number of intervals and their extent. The larger the 
atoms of any given substance the fewer the intervals, and possibly 
the larger, since small atoms would fit together more compactly 
than higQ ones. 

(6.) Conneetion between Specific Heat and Conduc- 
tivily. — If I were to draw off water from a cistern by two pipes 
of equal bores into two pails, also of equal sizes, but one having 
several holes in the bottom, these two pails would not be filled at 
equal rates. The one having holes in it would part with a por- 
tion of the water received, and so be filled less rapidly than the 
other. 

So if I make three pokers of equal sizes, one of iron, one of 
copper, one of bismuth, and place them side by side in tne same 
fire, the handles will be found to rise in temperature at different 
rates. The parts of the pokers in the fire correspond with the 

Eipes spoken of above, and th^ other parts, heated oy conduction 
'om these, correspond with the pails. The rise in temperature of 
these corresponds with the rise of the water in the pails. The 
specific heat of iron is yV* of that of water ; of copper is y^o ; of 
bismuth is only yf 7. This means that the same amount of heat 
that will raise a given weight of iron 1° will raise an equal weight 
of bismuth nearly 4®, and of copper lj^°. So that, considermg 
only the specific heat (or effect of heat upon each poker), the 
bismuth would rise much more readily than the copper one, and 
iron one most slowly ; but another fact has to be considered. 

The pail that had the fewest and smallest holes would fill most 
quickly, but if the pails were of different sizes, then the depth of 
water would depend, not only on the amount of waste, but also 
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on the diameter of the pail. So the conducting power of a body 
— ^that is, the rapidity with which heat passes along it — ^must be 
taken into account. 

Heat travels along copper more rapidly than along bismuth, 
but also iron absorbs more of the heat that reaches it. A rough 
parallel may be made thus : construct a metaUic pipe of small 
diameter and a porous earthen pipe of large diameter, and, plac- 
ing them side by side, feed them with equal quantities of water. 
The larger bore of the pipe made of earth will represent a better 
conductmg power than that represented by the small bore of the 
metal pipe. The porosity of the earthen pipe will represent a 
greater specific capacity than the smooth surlace of the metallic 
pipe, and part of the water will soak through instead of passing 
out at the other end. 

If, now, I construct two pipes of equal lengths and diameters, 
but one of copper, the other of bismuth, the greater conduct- 
ing power of the copper will allow of the more rapid transmission 
of the heat that does pass throughout its length, but the greater 
capacity for heat of the copper will absorb more of the heat, and 
so leave less to pass through. 

It will depend upon the ratio of the amount lost by inferiority 
of conducting power to that gained by inferiority of specific capa- 
city, whether the bismuth allows the passage of more or less heat 
in a given time than the copper. 

(7.) iM'ature of Conduction. — Conduction, then, is simply the 
transfer of force from particle to particle of the body through 
which it passes. This is usually accompanied by more or less of 
absorption, but not always so. 

Heat and electricity are easily conducted, but light cannot so 
well be transferred by this means, because of the absorption 
usually occurring reducing the light to heat. Magnetism, also, 
cannot so well be conducted, because it is a force definite in 
amount, and not continuously produced as heat or light. Sound 
can be conducted, but the comparatively enormous extent of the 
vibration makes the conduction apparently to differ in some re- 
spects. The sound of a piano can be transmitted along a rod for 
a considerable distance (p. 48). 

But conduction can also occur without any perceptible absorp- 
tion, as is shown in the transmission of heat through ice. 

Ice contains, very frequently, small globules of water in its 
liquid condition, and it was for some time considered that these 
had not been frozen at all, but enclosed by the ice. Then, when 
it was noticed that an air-bubble was always present with each 
globule of water, it was thought that the heat which passed 
through the ice without melting it had heated the air, and that 
the air, in turn, had melted the surrounding ice. It was proved 
by experiment that the water was formed by the melting of ice 
at the points where it was found ; and the question then became^ 

Y 
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WhaA wald. eaaaui heat to paoi &rotx^ one port of tiie ice and 
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a new direecioii to the thooghtai By ine?tnig^ or IignHartioiiy we 
jKM^aa a aepoatum of the pttrtielet of the aood. Just as a force 
acting Oft the ftrA of a lovr of mazbles eloae tog^ier moves cxxlj 
th« JaRty !io heaty Hftting on the portidea of ice^ was toranyfeTred 
f rooa ^tatitd^ to paytide trntil it natbed the ifiace oecnpied br an 
atr-npeek, where the bat atom of ice woold be drtarhedy tngt as the 
last iiiarble waSy thxfxigh a eextam spaee, beeanse of the kssTessfc- 
aaee of the air. In tiui wvy eaeh soceeasETe heat-ware would de- 
taeh mieeeasire particlea, and to, hj acparatfng these, ptodnee the 
Isrmid eonditiosL 

It maj be asked. How can the presence ol these liquid g^bules 
be detected 1 hj the refraction A the li^tt passing throng just 
a« a spoon is risible in water. 



SUMMAEY. 

(1.^ The passage of force through solids or liqiuds is called con- 
dttction. Pace 333^ 

(2.) The chief effect of conduction is transference of force, but 
the conducting body is usually more or less affected by the pas- 
sage. Page 333. 

(3.) Heat, sound, electricity, and galvanism may all be con* 
ducted. Page 334 

(4.) Solids are the best, and gases the worst conducting sub- 
stances. Page 334 

(5.) Conductivity is affected by temperature and by molecular 
arrangement. Page 335. 

(0.) Conduction is also affected by the specific capacity for heat 
of the conductor. Page 336. 

(7.) Conduction is the communication of force &om particle to 
pftrticle. Page 337. 



CONYEOTION. 



(1.) Introdiiction. — In a series of experiments on the con- 
ducting power of metal, mercuiy was assigned a high place, being 
fourth on the list, next to copper ; silver being the first, and gold 
the second. The numbers expressing the ratio found were— 



saver, . . 1000 

Gold,. . . 981 

Copper, . . 845 

Mercury, . 677 



Then came aluminium, zinc, iron, tin, steel, &c. 



On this report being presented to the Royal Society, Dr Bence 
Jones suggested that it might be worth while to re-examine the 
experiments, so far as mercury was considered, with a view to 
finding whether any exceptional circumstances occurred, owing 
to the mercury being a liquid, to give it so high a place. 

The suggestion was adopted, me experiments were repeated, 
with the variations suggested by Dr /ones, and the result was 
the alteration of the number representing the conductivity of 
mercury from 677 to 54. The variation was the transference of 
the source of heat from below the mercury to above it. Just as a 
kettle of water would be much longer before it reached the boiling- 
point if placed below the fire instead of above it, so the mercury 
received neat much more slowly when the heat passed downwards 
through it. 

Besides placing the heat above the mercury, it was also placed 
beside it, the results being the following : — 

54, heat applied above. 
160, „ at the npper edge. 

216, „ at the aide, towards the top. 

229, „ - at the side, towards the bottom, 

423, „ at the lower edge. 

679, „ below. 

The numbers represent the conducting power of mercury as 
compared with that of silver, which is called 1000. The true 
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conducting power of mercury is expressed by 64 — ^the liigher 
numbers being accounted for by convection. 

(2.) Cause of Convection, — Cork floats on water (or rather, 
water sinks below cork), zinc floats on mercury, water also floats 
on mercury ; because, in each case, the heavier body sinks to the 
bottom and pushes up the lighter. When a kettle of water is 
over a fire, the lower particles, becoming heated, become also 
lighter, and are pushed up by the colder (and therefore heavier) 
water, which sinks to the bottom. The lighter and hotter water 
passing through communicates more or less heat in its passage, 
and so the whole body becomes the sooner heated to any given 
temperature. The terra convection is used in the ordinary sense 
of the word convey, each particle moving as it is heated, and con- 
veying heat with it. Any liquid and any gas is heated by this 
method when the heat is applied below ; when it is applied 
above, the upper layer of particles is first heated, and remains at 
the top, the heat being conducted downwards, and much of it 
being reflected into the air. 

(3.) Examples of Convection. — ^A kettle of water and the 
boiler of a steam-engine are familiar examples. When it is re- 
(juired to heat a liquid for any chemical work, the usual method 
is to place it in a vessel over a spirit-lamp or gas-flame. The heat 
of the sun heats the air below it, and this rises, because of its 
less specific weight when heated, and leaves a vacuum below. 
This vacuum is filled up by the colder air from the north and 
south, which rushes towards the torrid zone, and so is the primary 
cause of our winds, which are complicated by the rotation of the 
globe, and by many other disturbing causes. These are all 
examples of convection of heat 

Electricity may be conveyed in the same manner as shown in 
the to-and-6o motion of pith-balls when an excited rod is held 
over them. K they be on a table, or any conducting body, they 
first jump up to the rod and then fall back, then jump again and 
again fall back, &c The explanation is that they gradually " con- 
vey" the electricity from the rod to the table, just as one might 
empty a glass of water by means of a spoon. The rod is excited, 
the table and pith-balls are neutral. The rod attracts them, they 
jump to it, become charged from the rod, fall to the table, com- 
municate to it their surplus electricity, and become again neutral 
In this way they convey the force from the rod to the table, 

(4) Wature of Convection. — The heated liquid is said to 
rise because of its less specific weight, or rather the colder liquid 
falls because of its greater specific weight. But the question may 
occur to some. Why should the liquid become lignter because 
warmer? You may say to me, "If heat were an entity that 
could, as was thought of old, be forced into bodies, then they 
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would become heavier instead of lighter. The theory that it is 
only force, and causes expansion only by means of the vibrating 
or other motion conferred on each particle, will explain why a 
solid should become lighter when heated, because the same num- 
ber of atoms occupy a larger space. But in a liquid, which you 
define as a collection of independent particles, how can this be 
the case ? If the force be communicated to the lower stratum of 
particles, either it will be transmitted throughout, as in air, and 
the water not affected, or else the vibration of the lower particles 
will push up, bodily, the whole mass of water above it, unless it 
condense it by forcing the particles above more closely together. 
How can mere motion or vibration make a particle larger, when 
the extension of a solid is defined as being the pushing apart of 
the particles, not their increase of size ?" 

I might reply that, in the case of water, we are dealing with 
a compound body, and not an elementary substance. Water is 
composed of oxygen and hydrogen, and therefore the smallest 
particle of water must have at least two atoms, one of either con- 
stituent, and must therefore be considered as much suWect to the 
law of expansion as any other body, however large. In the case 
of mercu^, which is considered to be a chemical element, I can- 
not so confidently put forth the same plea ; but I can suggest that 
just as the smallest particle of water consists of two constituents, 
so the atoms of mercury may unite together in groups of two or 
more atoms, and that the ordinary liquid condition of mercury 
means only the freedom of these constituent molecules, and 
not the freedom from each other of its ultimate atoms. But the 
convection of mercury is much less in extent than that of water. 
It might also be suggested whether a row of particles in a vibrat- 
ing state would not rise by means of their vibrations, somewhat 
as a man might elbow his way through a crowd ; only, of course, 
without the volition that urged the man, the moving force being 
derived from the heat below. 

"Whatever be the cause, it is certain that a liquid body does 
increase in volume with heat : a kettle that is filled with cold 
water will drip at the spout as it warms, if the lid be tight. Also 
it is certain that this effect is much assisted by the ordmary phe- 
nomena of convection when the heat is applied below. Convec- 
tion may therefore be defined as the rising of the lower particles 
of a heated body from the bottom to the top, when the heat 
is applied below, and the consequent more rapid diffusion of the 
heat throughout the body. A kettle may be removed from the 
fire and placed on the bare hand, and it Vill be often found that 
the handle is warmer than the bottom, because of the rise of heat 
from the bottom upwards. 

(5.) Convection of Cold. — If a liquid be cooled from above, 
by any means, such as freezing in winter, then the cold particles 
being smaller might be expected to descend, and so they do. It 
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nu^bt therefore be asked, why does not water freeze at the 
bottom instead of the top ? The reply is, that water decreases in 
balk as it is cooled, until it reaches 4^ C, and then if further 
cooled it expands nntil it freezes. So that 'though a baBin of 
water or a pond might be all cooled down to 4° C, before it began 
to freeze, yet when it cooled still more, the colder molecmes 
would no longer descend, because of their exparuion by cold, but 
would remain on the top, and there freeze. 



SUMMAEY. 

(1.) A liquid heated from below becomes warm much more 
rapidly than if the heat be applied above. Page 339. 

(2.) This is because the lower rows of particles when heated 
expand, and so rise because of their less specific gravity. 

Page 340. 

(3.) A kettle of water, and the boiler of an engine, are examples 
of convection of heat. Electricity is also conveyed in like manner. 

Page 340. 

(4.) The expansion of a liquid by heat may be considered to be 
the expansion of the particles of which it is composed, each of 
these oeing considered to be a small solid body consisting of two 
or more atoms. Page 340. 

(5.) Cold is also conveyed from above downwards. The ex- 
pandon of water, as it fsdls from 4® to 0°, is the cause of water 
freezing on the top, and not at the bottom. Page 341. 



INTER-EELATION OF THE VARIOUS 
PHASES OF ENERGY. 



In the chapter on " Heat " much has been said about heat be- 
ing a "mode of motion ;" about its being obtained by preventing 
motion, and about its being converted into motion. Similarly, in 
the discussion of " Light," I have spoken of the probability of 
light being but a phase of heat, of its conversion into heat, and of 
its development from heat Also we have seen how heat can 
be developed into electricity, and electricity into heat ; how mag- 
netism is apparently the constant companion of electricity, and 
electricity of magnetism. Lastly, even sound is brought into the 
endless chain of transmutation by the theory that light is but ex- 
treme sound. 

Now, having discussed the peculiarities of each phase of the 
question, having learned something of the conditions that produce, 
accompany, and follow heat, light, sound, electricity, and magne- 
tism, and having become more or less familiar witn their coinci- 
dences and dissimilarities, we must face more directly the ques- 
tion. How are these various and varying forces related amongst 
themselves ? Does the presence of any one imply the presence of 
any or all the others ? If so, which is the primary ? Or are all of 
them but secondary phases of some other, which is the primal 
force ? If so, what is this primary force ? 

(1.) How are these varixms and varyivig forceB related amongst 
thsmselves ? Heat, light, and sound are fdl believed to be vibra- 
tions. The questions immediately occur. What is the medium of 
these vibrations ? What are their respective rates of vibrations ? 
their extents of vibration ? numbers of vibrations in any given 
space ? 

In the case of soimd, these vibrations are of comparative slow 
rate, great extent, and small number. In the case of heat and 
light, the vibrations are of extreme rapidity, almost infinitesimal 
mmuteness, and in enormous numbers. These three points, rate of 
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vibration, extent of wave, and number of waves, are closely con- 
nected ; it will be found that when the waves are of large size, as 
in sound, their rates and numbers are expressed by small num- 
bers ; but that when the waves are very small, as in heat and 
light, the rates and numbers require for their expression numbers 
correspondingly large. 
These comparisons are shown by the following table : — 



Sound— 



C 








No. of Vibrations 
per inch. 



.023 



.046 







Light — 

Red, . 

Orange, 

Yellow, 

Green, 

Blue, . 

Indigo, 

Violet, 



.099 



39,000 
41,000 
44,000 
47,000 
51,000 
54,000 
57,000 



No. ofVibra- Extent of wave- 
tions per second. length in feet 



256 



512 



1024 



Billions. 

475 
500 
550 
575 
625 
650 
700 



43 



2.1 



1.1 

In ten milliontlis 
of an inch. 

255 
240 
225 
210 
195 
185 
175 



A hasty glance at this table might easily suggest, and even a 
more mature study would seem to justify, the theory that sound, 
heat, and light differed only in the rate and extent of vibration ; and 
that we might compare sound to the heavy powerful dray-horse, 
heat to the light and rapidly-moving hunter, and light to the 
graceful race-horse outstripping all in speed. 

And extended consideration will appear to give further support 
to this idea of the oneness of sound, heat, and light All are 
radiated according to the same law of inverse squares, all are re- 
flected and refracted according to the same laws, all are dispersed, 
and all may be converged to a point. Adopting, then, provisionally, 
the notion that heat differs from sound only in that its vibrations 
are much smaller, and much more numerous and rapid, and from 
light only in the less number and rapidity but greater extent of 
these vibrations, it behoves us to inquire what circumstances tiiere 
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are to prevent our complete acceptance of it ; for we must pay 
even greater respect to the facts that tell against any pet theory 
than to those that favour it, since the same phenomena may agree 
with two theories, so that no number of corroborative facts are of 
much value if one single well-authenticated phenomenon contra- 
dicts the theory they seem to support. 

The enormous difference between the extent and number of 
sound waves and heat or light waves seems to separate sound 
by a large interval from the others ; and while we accept the 
theory that all the phenomena of sound are explicable upon the 
supposition that ordinary matter, air, water, metals, earth, &c., 
are the vibratory media, whose motion (resulting chiefly from 
elasticity) gives to our ears the impulse wnich we call sound, we 
are told that for the explanation of the enormous rapidity of such 
vibrations as give us the sensations of heat and light we require 
an ether possessing a rarity far beyond that of hydrogen ana an 
elasticity far beyond that of most solids : that no ordinary matter, 
solid, liquid, or gaseous, possesses the extreme rarity and exceed- 
ing elasticity that alone can account for the phenomena of heat 
and light. 

The supposition of this ether, though supported by the opinions 
of some of the greatest students in this branch of inquiry, is the 
greatest difficulty in the way of considering sound as a phase of 
heat and light. The two greatest arguments for its existence are 
(1) that the exceeding velocity with which light travels demands 
a rarity and an elasticity beyond those of ordinary matter. (2) 
The fact that light and heat traverse with the greatest readiness 
the most complete vacuum that can be produced. In reply to 
the first, the fact that the ether demands such opposite qualities 
as extreme rarity and extreme elasticity, is itself a difficulty with 
some minds in the way of its acceptance ; and to the second, that 
it is by no means certain that a complete vacuum has ever been 
produced. 

A third argument adduced in support of the existence of the 
ether is the necessity of a medium extending throughout space, 
otherwise we cannot account for the passage of light and heat 
from the sun and stars to us on the earth. We are told that 
ordinary air cannot extend so far, therefore the ether must 
exist. This theory is scarcely yet a century old, dating from 
the announcement of the undulatory theory of light, and may be 
regarded as one of the crutches that were useful, perhaps, in its 
infancy, but which we may soon expect to see thrown away. 

In reply to this, mucn is adduced to show that an elastic 
medium, such as our atmosphere would be, and probably is, when 
free from the attraction of the earth, most probably extends 
throughout all space. 

The attraction of the earth for the atoms of air composing its 
atmosphere cannot have any practical effect beyond 26,000 miles, 
for beyond that distance it would be so weakened that it could 
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not overcome the centrifagal force. Jnst as an electio-magnet 
can be made to destroy its own power as qnicklv as it receives 
it ; so, beyond this distance, the attraction of the earth, when 
excited npon an atom of air, would (by drawing it into its atmo- 
sphere, and so tending to set it revolving round it) endue it with 
centrifagal force more than sufficient to overcome its own attrac- 
tion. Thus we may say that the vast space of the solar system 
might be filled with rarified air without there being any effect by 
it on the earth, or the reverse. By the same reasoning, we might 
suppose the great mass of this aerial body to be free from any 
at&action from the sun. It might be considered to be in simple 
existence, each atom or molecule being kept apart from the other 
by the attraction or repulsion of all the surrounding particles. 

But the amount of refraction in the case of sunlight is urged 
against the possibility of such a medium existing throughout the 
100 millions of miles between the earth and the sun. The refrac- 
tion is such as would take place if the atmosphere causing it 
extended but a very small part of the vast distance through wmch 
the light comes. But these two suppositions are not in reality 
contradictory. Let us assume three things — 

1. That the whole space between the sun and the earth is 

filled with air greatly rarified, each atom, or molecule, 
existing individually and separate. 

2. That only a small portion of this is subject to the attrac- 

tion of the earth. 

3. That this rarified air is the medium of light — {.d, that it 

is the ether of which so much is said. 

Then it follows that the refraction of light from the sun would 
be the effect of its passage through the earth's atmosphere only, 
and not of its passage through the vast body of air free from the 
earth's influence. 

It is not, I think, too much to say, that the arguments in sup- 
port of the existence of the ether are gradually losing hold on 
men's minds, and a corresponding greater reUance is being placed 
in the simpler and more natural theory, that ordinary matter, 
such as we are familiarly acquainted with, possesses, under the 
varying circumstances in which we may easily suppose it to exist, 
all the qualities requisite for the production of tne phenomena 
of light and heat. It will not, I think, be many years before the 
"ether" will be referred to as a conjecture of the past, justifiable 
then, and only then. This I do not say unmindful of the support 
it has from men far more competent than myself to speak with 
authority, nor with any pretension to a right to have an opinion 
of my own, but because the theory seems to be one out of char- 
acter with the progress that physical inquiry has made during 
the present century, and because this progress has otherwise xmi- 
formly been, and I think will continue to be, in the direction of 
a Bimjple and natural explanation, of phenomena by the action of 
matter and laws alike laim]^ar. Taa c^^'eNkotL^^^o^'^ are these 
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varying and various forces related amongst themselves V* is pro- 
bably answered by saying that, as shown bjr the table on page 344, 
they differ only in the number of vibrations, the extent of the 
wave-length, and the rapidity of vibration ; that sound becomes 
heat and even light if the rate, extent, and number of the 
vibrations be sufficiently increased ; that light becomes heat 
and even sound if the rate, extent, and number of the vibrations 
be sufficiently diminished. 

(2.) Does the presence of any one of these imply the presence of 
any or all of the others ? This is the second question which (as 
we have seen on p. 343) requires to be answered. The answer 
follows at once from the preceding paragraph (if that be true) : the 
presence of either Hght, heat, or sound does not impljr the pre- 
sence of the others, but does imply the power of producing them. 
A man having a five-pound note (which is only a pledge ofcredit) 
can have for it either 5 sovereigns, 100 shillings, 240 pennies, 
or any combination of these of equal ag^egate value. He may 
change silver for gold, gold for silver, or either of these for copper, 
or irice versa. Just as the credit implied by the note can give gold, 
silver, or copper, and as any one of these, when possessed, can be 
exchanged for either of the others ; so the power of producing 
heat implies also the power of producing light or sound in corre- 
sponding amounts, subject only to the waste force required to 
set in operation the necessary apparatus, and also implies the 

Sower of converting any one into either of the other two. But 
ght is not heat or sound, any more than gold is silver or copper. 
So that the presence of light, heat, or sound implies not the pre- 
sence of the others, but of the power of exchanging the one we 
have for either of the others, — ^always provided that the conver- 
sion does not demand apparatus or skill beyond what we at pre- 
sent possess. 

(3.) We come now to a much more important and difficult ques- 
tion, "Which is the primary of these vibrations ?" The only answer 
that can be given is, that no one is primary, but all are deriva- 
tive. We can convert light into heat, and heat into light, but 
we have no ground for caUing either of these the primary. We 
cannot so readily convert sound into light or heat, nor produce it 
from either of these, but we shall see in the next section that we 
can choose whether we will convert a certain other force into 
sound or heat. To qum up, we have no reason to justify us in 
speaking of either sound, heat, or light as the primary j but must 
regard all three as derivative — derived from another force, which 
is the primitive. 

(4.) Wh^t is the primary force from which we can derive all ih>e 
three that we call sound, heat, and light ? We can convert heat 
into Hght, and light into heat, but we cannot produce either 
from nothing. We must have something else from which to obtain 
either. What is this other ? This may be answered b^ -ssfet- 
ring to actual experiment, and producing \iftaX ot'Ni^X. V3 xaj^ssos^ 
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of some method other than conversion. Thus to produce heat 
I employ friction or percussion ; I rub two substances together. 
I can melt ice by the heat developed by rubbing two pieces to- 
gether. Whence is this heat derived? Is it a conversion of 
some other force ? We may answer this by analysing our experi- 
ment When I rub the two pieces of ice together, I use muscular 
force : each is pressed against the other ; if either be suddenly 
withdrawn, the other will follow it, not by attraction, but by the 
force pressing it from without. Each piece is prevented from 
moving by the pressure of the other. Motion which would occur 
is prevented, and motion, when prevented, becom£s heat There- 
fore motion can be converted into heat, and this heat into light, 
for by continued friction of solids that do not melt at low tem- 
peratures — ^for instance, two pieces of dry wood — ^we may have 
sparks. So from flint and steel we can get light. From motion, 
by conversion, we get also sound. I have often noticed the 
passage of vehicles over a piece of roadway near the Royal 
Exchange which has recently been paved with some elastic and 
comparatively smooth material. A cab or omnibus rolls over 
this very quietly, but the moment it reaches the ordinary stone 
pavement it receives a perceptible check ; motion is prevented, and 
considerable noise is the result. Clearly, a portion of the motion 
has been converted into sound. Many other such examples will 
occur to any thoughtful reader. Knock any two things smartly 
together, clap your hands, ring a bell, knock at the door, in every 
case motion is prevented and noise follows. 

But, some clear-headed reader may say, if motion prevented 
becomes heat, light, and soun^l, how are we to know the condi- 
tions of each conversion ? Is it heat, light, and sound ? or heat, 
light, or sound? That is, does motion prevented become aU 
three, or one of the three ? If all three, in what proportion is 
each ? If only one, what are the conditions that determine which 
it shall be ? 

To answer these questions completely is, perhaps, beyond the 
power of any one ; to theorise upon them, to suggest replies, may 
well be counted presumption in one who, like myself, is far too 
much occupied with active work to have much leisure for the en- 
joyment 01 experimental investigation. Still, however presump- 
tuous it may seem — and no one is more mindful of this than my- 
self — 1 have ventured to put into words thoughts that have taken 
years to reach their present form, and which have been suggested, 
not by any vain desire to account for the wonders of natural 
science, but by a perusal, careful and systematic, but very imper- 
fect, of the history of scientific discovery. 

The chief reason I have for believing that they are worth any- 
thing, is not a vain confidence in my own powers, nor the faintest 
touch of disrespect to accepted theories, but the feeling that the 
ideas suggested by a study of the records of past discoveries in 
their chronological order are likely to be in Keeping with the 
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spirit of that record, and to suggest the direction of future suc- 
cessful research. 

It is admitted that sound may be conveyed from place to place 
by means of ordinary substances, such as we are familiarly 
acquainted with, that no assumption of any ether or quality, other 
than we are accustomed to consider and estimate in ordinary 
mechanical calculations, is necessary for the explanation of acous- 
tical effects. A blow is given to a table, a stone, the earth, 
anything that is more or less capable of motion. Two results 
follow — motion and sound. If the stone, for instance, be resting 
on a hard rock, the result is more noise, less motion. If it be 
resting on soft earth, so that it sinks when struck, the result is 
less noise, more motion. So that we may say, force that tends to 
produce motion, and is prevented from doing so, becomes noise. 

But, we may now ask, what is noise itself other than motion ? 
What is really the difference between noise and motion ? I think 
the answer will be that there is really no difference whatever 
between the two ; that when motion reaches the ear it is noise, 
because it affects the auditory nerve. Outside the ear it is mo- 
tion ; inside the ear it is motion and sound. 

The chief point to which I want to draw attention is this : that 
it is incorrect though convenient to say that motion is converted 
into sound, because, really, sound is not an extinction of the mo- 
tion. The motion continues afterwards. I move the handle of a 
door-bell ; this moves the wire ; the wire moves the spring ; the 
spring, retracting itself, shakes the bell ; the bell, being so moved, 
is struck by the clapper ; the motion of the bell, when so struck, 
moves the air ; the air impinges upon the ear, and sets in motion 
its various parts ; this motion passes from the ear to the auditory 
nerve ; this motion of the nerve is sound. So that sound is 
motion : the converse, that motion is sound, is true only when 
the motion is that of the auditory nerve. 

But the motion does not cease when it has become sound. 
The ear, besides being the medium of sound, is also ordinary 
matter, and obeys ordinary laws. Motion when communicated 
to it is as endless as when communicated to anything else. 
When with a sovereign I buy a book, I might say I had " con- 
verted " the sovereign into the book. This would be true, practi- 
cally, as far as I was concerned, but would not be true of the 
sovereign, which would exist as truly afterwards as before. So 
with sound, it is not the conversion of motion, but the result of 
its presence. 

It being admitted that the motion of ordinary matter produces 
sound, and its continuous vibration (which is motion to and 
fro) produces continuous sound, what are the conditions of the 
transmission of this motion, and what modifications are neces- 
sary to produce the phenomena of conduction, reflection, and 
refraction 7 
I think it will be found that the conditions requisite for these 
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TarioTU results are identical with those required far ordinaiy 
mechanical reanlts. To transmit motion &om one place to an- 
other requires a continnoos and connected medinm ; its reflection 
requires elasticity and the action of the law loiown as the 
^ parallelogram of forces;'* its re&action may, I think, be explained 

by the same means. Let A B be the 
surface of any body upon which a sound- 
wave falls. (By a sound-wave I mean 
a motion of such an extent as fallii^ 
upon the ear would produce sound.) S 
a o be its direction of incidence, ob 
will be its reflected direction. This is 
the same of a sound-wave as of a ball 
thrown against a wall — in fact, is an 
example. A sound - wave means the transmission of motion 
through the air (if air be the medium) from particle to particle 

in a straight line. Let abed 

a It 4s d be the successive particles, and 

A» 1 1 1 1 1 let (£ be the last of them. Then 

when the sound-wave impinges 
upon the surface A B it means 




Fig. 201. 



Fig. 202. 



that the last atom d is imnelled against A B, precisely as a ball 
is thrown against a walL One is as real a concussion or collision of 
matter as the other. The ball would either enter the wall or re- 
bound from it, according as the force of impact were sufficient or 
insufficient to penetrate it If it rebound, the new line of direction 
is 6, the angle boB being equal to the angle a o A. There is 
really no difference whatever between the impact of a ball and of 
a sound-wave, excepting the difference of degree ; and the differ- 




4 

r/ 

Fig. 204. 


:=zb 



Fig. 208. 

cnce that in one case the same body, the ball, is moved continTi- 
oualy, while in the other, the sound-wave, each particle is moved 
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through only a small space. But the change of direction from 
a to ob depends entirely upon the result of the impact of the 
last atom of air upon the surface of A R The phrase, when re- 
flected motion follows the same laws as matter, is so far mislead- 
ing that it suggests a difference in kind. It is nearer the truth 
to say that reflected motion is an example (in a refined degree) of 
reflected matter. 

In the same way, the refraction of sound may, I think, be 
accounted for. In the case of reflection the elasticity of the wall 
is greater than the force of impact, and the ball rebounds ; in the 
case of re&action, the force of impact is greater than the resistance, 
and the ball penetrates. The change in direction from A o to 
o'f on entering the denser medium, and the change from o o' to 
(/B', parallel to A A', can both be explained by the law of " the 
parallelogram of forces,** 

So may the continued refraction shown in fig. 204, where the 
line of force changes from A B to C D E and r respectively on 
passing through the successive strata abed, 

1 thmk most of the phenomena described in the preceding chapters 
may be explained by the action of ordinary substances, accoming 





Fig. 205. 

to the laws of mechanical action ; that they are indeed examples, 
of a refined character, of these laws. That this is true of souna 
is already accepted. Thus in the reflection of sound (fig. 205), the 
movement of a bell-clapper at a sets the air in motion towards A, 
and the particular particle of air that strikes the reflector is thrown 
back towards B, and so sets up another line of motion ; again, the 
particular particle of air that strikes on B is thrown towards b. 
So that the action of ordin- 
ary mechanical laws, air be- 
ing the propelled body, is 
simcient to explain the 
reflection, a translation of 
sound from atob. 

In the case of refraction 
of sound (fig. 206), the air is 
set in motion in lines radi- 
ating from A ; and particles of air moving in these lines strike 




Fig. 20d. 
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upon the balloon, or gaseous lens, setting the particles of the gas 
in motion according to the laws that would govern the action of 
marbles, or any other solid objects, in similar positions. It must 
be borne in mind that the particles of a gas, however invisible 
and mobile they may be, are as solid as any object can be. It is 
only their exceeding small size that prevents us realising this at 
all times. The motion of the gaseous particles in the balloon 
acts on the air-particles between it and B, and the ordinary ac- 
tion of ordinary laws produces a convergence at B. 

The varj'ing velocity of sound, according as the medium is 
varied, is also, I think, easily explicable in this way. The denser 
the medium, the more work there is to be done, the more matter 
to be moved, in any given distance, and therefore the slower ^idll 
be the passage of the moving force, just as it w^ould take a man 
longer to walk a given distance in water than in air, in sand than 
in water. But a man's force is in this case put forth continually, 
while a sound is the result of one application of force. A man 
moves his body by taking a step, and it would seem as if he had 
done no more by the expenditure of his energy. But he has done 
more : the force which moved his body one step will no more 
cease than any other force. He has set the air in motion before 
him, to make room for him, and drawn it behind^ to fill up the 
empty space before filled by his body : he has compressed the 
earth in one place by the pressure of ms foot, thereby generating 
heat ; and has relieved it from pressure in another place, thereby 
generating cold. It is no reply to smile at the infinitesimally 
small extent of pressure effected by a lady's foot on a stone pave- 
ment. The heat generated on a line of rails, and the wind set in 
motion, by an express train, are only extreme cases of the same 
forces as, and are no more real than, the effects of the same kind 
produced by the toddling on the floor of the tiniest infant. 

This being admitted in the case of sound, why may not we at 
once adopt the same explanation for heat and light ? Because we 
must bear in mind that we are still but groping in the dark after 
truth ; that our object is, not to make pretty theories, and to try 
to understand all phenomena by the ODservation of a few, but to 
observe all, and to deduce not theories but general laws. Still it 
would be as absurd to disregard all analogy in working out our 
results as it would be to overrate it'. 

I have already discussed the obstacles in the way of accepting 
ordinary matter as the medium of heat and light (p. 105). They 
are chiefly these : — (1) that sound will not pass across a vacuum, 
and heat and light will ; and ^2) that the velocity of light appears 
to rejiuire a density infinitely less than that of a gas, and an elasti- 
city infinitely greater than that of a solid. 



Assuming, then, that we have a similarity in the phenomena 
and natures of light, heat, and sound, we come to the question, 
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What is the relation between these phases of force and elec- 
tricity ? 

I have already (p. 105) suggested that the ordinary phases of 
force may be grouped thus — 

Actinism J ^•^«>»- Magnetism j Arrangement. 

The connecting limits between these groups are numerous : in 
thermo-electricity and the electric light tne inter-relation is espe- 
cially manifest. In each of these cases we require a complete 
circuit of conducting matter for the production of light from elec- 
tricity, or of electricity from light. 

This may serve as an illustration of the more striking difference 
between heat and electricity. The one may be sent along a wire, 
or any conducting substtmce, but the other requires a complete 
circuit. Heat can be sent from any one point to any other, but 
electricity can only travel in a circle, using the word somewhat 
freely, and not exactly in its geometrical sense. But what could 
result from the opposition of two unequal currents of heat that 
could not be produced by a single current ? It cannot be any 
particular temperature, nor any specific amount of heat, since 
these could be produced at will by ordinarv means; nor is it easy 
to conceive that two opposing, unequal, out similar forces can 
produce a third force of an altogether different character. Is it 
not, therefore, probably to the fact of two similar forces acting in 
opposite directions, though not necessarily in opposition, that we 
must look for the difference between heat and electricity, a differ- 
ence not of kind, nor of degree, but of arrangement ? 

Assuming heat to be a vibration — i, e., that the passage of heat 
along a wire means that its particles are set in vibration — what is 
likely to occur when two such forces act at the same time, and 
from opposite points, on the same set of particles ? Might we 
imagine that the result would be the orderly arrangement of the 
particles among themselves ? Acainst the idea that electricity is 
simply heat is the fact that an electric current passes through a 
copper wire ut once, before an ordinary current of heat could pass 
through the same length, and without developing any signs of 
heat. Again, an ordinary galvanic current passes at once through 
hundreds, even thousands of miles of wire forming part of a cir- 
cuit, the other part of which is the earth ; and it is difficult to 
conceive the current in this case being the result of two unequal 
heat-currents. 

But it is not necessary to conceive all electric currents to owe 
their existence to the same cause. Just as we consider heat to be 
a vibration, an actual motion, so electricity may be considered to 
be a state, or arrangement, of the particles. Assuming it to 
consist in this orderly arrangement, or polarisation, of the con- 
stituent atoms, it is easy to conceive that this may be produced 

z 
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by more than one means. In thermoelectricity it is cleaily a 
consequence of the application of heat, but in an ordinary gal- 
vanic current, produced by a zinc and carbon battery, it is as 
clearly the result of chemical affinity. It by no means follows 
that heat and chemical affinity may not be two phases of some 
more general force, so that all electricity may be alike in cha- 
racter ; but it is clear that, by means of neat, and also by means 
of chemical affinity, we can obtain electric currents (or effects to 
which that name is given) alike in character and effects. Also we 
know that chemical compounds are decomposed by the force of 
a galvanic current throuj^h the polarisation of the constituent 

S articles. Is it not therelore probable that the same effect is pro- 
uced on the atoms of the wire through which the current is said 
to pass ? — that this polarisation, or orderly arrangement of the 

S articles, is the " current *' ? — and that the same effect may be pro- 
uced upon a wire through which two currents of heat pass in 
opposite directions ? 

It is sometimes said that heat can be derived from electricity 
that is prevented from pursuiog its natural course ; and that elec- 
tricity can in like manner be derived from resisted heat Thus 
we know that any badly-conducting substance interposed in a 
^vanic circuit so as to impede the passage is at once heated (and 
in extreme cases even melted), while it is said that thermo-elec- 
tricity owes its existence to the resistance to heat interposed by a 
compound of two bodies having different conducting powers. 
This, when briefly expressed, means that heat is accumulated 
electricity, and that electricity is accumulated heat. This theory, 

Sushed to its logical consequences, might be found not very pro- 
fic in scientific data. 

But if we consider heat and electricity as two phases of a more 
general force, as being correlative rather than consequential, may 
we not say that heat may be converted by resistance into elec- 
tricity, and also electricity by resistance into heat? Assume heat 
to be a vibration, and electricity to be an arrangement or polari- 
sation of the atoms of a body, then it is easy to imagine that 
the force that sets a given body in vibration may, if this vibration 
be prevented, spend itself in arrangement, and, conversely, a force 
that begins by arranging may (if this be prevented) expend itsdf 
in vibration. 

But what is this arrangement ? It will be noticed (page 140) 
that bad conductors of heat are usually also bad conductors of 
electricity. If heat be a vibration, then that substance which 
conducts heat badly has its atoms so arranged as to be difficult of 
vibration. If electricity be an arrangement of atoms, then that 
body which is a bad conductor of electricity is so because its 
atoms are difficult of arrangement. When such a body is acted 
on by heat, probably Bome portion of the heat is used in arranging 
the atoms, and so producing a slight current of electricity. 

But why should not the same result occur whether the wire be 
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Btndglit or in a hoop form ? It does, for an electric current will 
be evidenced by the needle if the connection between it and the 
flame be made only by a single wire, provided some worse con- 
ductor be interposed, or even if the wire itself be twisted so as to 
have its molecmar arrangement disordered. But the hoop form 
produces a much stronger current, probably by reason of the cir- 
culation of the force round and round the wire. 

So that when we speak of thermo-electricity as being electricity 
derived from the application of heat, it is probable that our lan- 
guaffe is more literal than we suppose, and that the electricity is 
reaUy only the heat under another name. This will naturally 
suggest, once again, the idea of the changefulness vet indestruc- 
tibility of force. Just as heat is a " mode of motion," so electricity 
may be spoken of as a mode of heat, and therefore of motion. 

The strength of a galvanic current may be measured by observ- 
ing the effects produced : — 

1. By measuring the amount of chemical decomposition it 

can effect 

2. By the amount of deflection produced in a magnetic 

needle. 

3. By the amount of heat developed by resistance to the 

current. 
In all cases, however, the results obtained are comparative rather 
than absolute — i.e., it is much easier to compare the effects of two 
currents than to discover the absolute strength of either. 

Chemical decomposition is a correlative result of a voltaic cur- 
rent. The same current, after decomposing one compound, will 
break upa second, a third, even a fourth, if its way hes through 
them. Thus, if I put water in one cup, hydrochloric acid in a 
second, and sulphate of copper in a thira, connecting the liquids 
by short wires, a current passed through will decompose all the 
compounds, and all in the same ratio — 1.6., the elements will be 
set tree in quantities proportionate to their combining equivalents. 
The current appears to pass through the compounds, polarising 
tibeir particles, and to continue its course without having lost 
much of its power. 

We have then to consider ohemioal aotion as a phase of 
energy. Is it a force in vibration or a force of arrangement ? 
The answer to this question will be instructive. 

By means of heat we can cause combination and decomposition; 
so we can by frictional and by galvanic electricity. So that force 
of vibration and force of arrangement are both capable of pro- 
ducing chemical action. Chemical action also can produce both 
heat and electricity, and must therefore be admitted to rank as 
one with the other phases of force. 
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SUMMAEY. 

All the phases of energy are related to each other. Page 343. 

Sound and light differ chiefly in the extent and rapidity of the 
vibrations producing them. Page 344. 

Sound, light, and neat Toay have but one and the same medium. 

Paee 346. 

Motion is probably the primary force of which sound, heat, and 
light are manifestations. Page 348. 

The transference of light, heat, &c., are refined examples of the 
action of ordinary laws of mechanical action. Page 350. 

Heat, light, sound, and actinism may be grouped as force in 
vibration; electricity, galvanism, and magnetism as force of 
arrangement. Page 353. 

Thermo-electricity and the electric light are instances of the 
transfer of force from one group to the other. Page 353. 

These two groups are correlative rather than consequential 

Page 354. 

Chemical action also is a phase of force, and may be considered 
as intermediate between the two groups. Page 355. 
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(1.) Introduction. — When I want to speak to a man, I move 
my tongue, and so set the air in motion : the air in his ear is thus 
also set in motion, and by the action of this he is enabled to under- 
stand what I want to tell him. It is as real a motion, as real a 
blow upon his ear, as if I had thrown a stone at him, and the 
force exists as much after I have used it as it did before. The 
sound is not the end of the motion, but the accompaniment of it. 
Excess of sound frequently produces headache, as does excess of 
light, probably because the motion of the nerves is communicated 
to the brain in greater quantity, and more rapidly, than it can 
part with it, and it is therefore in a state of undiie activity. Rest 
IS usually the best cure for a headache — i.e., cessation of motion as 
far as possible, giving the brain time to get rid of its already too 
great amount. 

(2.) Circulation of Force. — ^Whence do I derive the power 
to move my tongue when I speak ? From my bodily strength. 
How is this recruited ? By food. Whence the food ? From the 
earth (for animal food is produced by vegetable), but not only. 
Light and heat are necessary for the growth of food. Whence 
come these ? From the sun : and now for the iirst time in the 
circle we get beyond the earth. Whence does the sun obtain the 
force which we call light and heat, and which it is continuously 
pouring upon us ? This question it is quite out of our power to 
answer : we usually talk of the sim as tne origin of force ; but it 
is not impossible to imagine that the force may be more or less 
returned to the sun from the planets. But this is a point far 
beyond the province of my book ; and I only mention it to enable 
my readers to realise the circulation of force, from the sun to the 
earth, to be reproduced by its trees and grass, by these, used as 
food, to be placed within our power, not to increase or destroy, 
but to use (or waste) in our every action. 

(3.) MediA of Force.-— 1 have a piece oi Vtoii \^ tdl^\. \ \ ^$^»Rfc 
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it in the fire, T)ut the heat is insufficient. This means that I can- 
not accumulate upon the iron a sufficient amount of force, because 
the supply by the fire is at too small a rate ; it radiates too rapidly 
to allow of a sufficient amount being collected. I use an oxygen 
and hydrogen blow-pipe, and 1 can succeed, because I can supply 
the force at a sufficient rate. It must be realised that heat ia force, 
just as really as the blow of a blacksmith's hammer. 

I want to melt some ordinary gum, which I can do by water ; 
but I find that hot water will enable me to do this much more 
readily than cold. Why? Because it contains more force. 
Whence did the water derive its force ? Prom the fire. And the 
fire, whence obtained it the force to impart ? From the combus- 
tion of the coals. 

It is often said that force is stored up in coal, derived from the 
sunlight of past ages. And I once ventured to say to a wealthy 
farmer of a i orksmre dale, that coal had been called " the sun- 
light of former ages, bottled for present use." The worthy farmer 
replied, that I, being a teacher, " ought to know better than to 
talk such nonsense." I honour him for his frankness, and am not 
quite sure that he was totally wrong. 

The point which I want to make clear is, that water is much 
used as a medium of force — ^that by means of it I can conveniently 
move force from one place to another. It is not the only medium, 
but it is one of the most practically usefuL 

(4.) The Steam-Engine. — This is especially evident in what 
is called the steam-engine, which some writers now call the "heat 
engine." I want to move a train of carriages along a railway, and 
the driving-wheel of the engine seems the most suitable point to 
which to direct the action of the force I am to use. I might pull 
the wheel, or push it, or turn the axle. The last is evidently the 
best method. I attach to the axle a lever, so arranged that a small 
to-and-fro motion of the other end shall communicate a rotary 
motion to the axle. How shall I produce this to-and-fro motion ? 
The method in use is to move a piston to and fro in a cylinder, 
and to connect the piston with the lever. To move the piston 
steam is admitted first on one side and then on the other. 

Steam is water of which the particles are uriged apart by the 
force of heat. By cooling it may be reconverted mto water. The 
weight of the train tends to keep the piston stationary ; the force 
in the steam tends to move it. But the steam is enclosed in a 
metal cylinder, of which the piston is the only yielding part. The 
force cannot be destroyed, it must either move the piston or escape 
through the cylinder as heat The piston is moved, the train also 
is moved, by the force of the heat in the steam. How was tiie 
force communicated to the water ? By the burning of so much 
coaL 

(b.) CombuBtioxi. — Oo8LV\)\xxnaa*. ^^ ^q«^ \?wA^^^m^t^ and in- 
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numerable other substances. What is hurnin^l why does it 
give out heat ? and why is coal the most convement form of fuel ? 
What we call burning is really chemical combination. If we bum 
coal, the carbon, which is its chief constituent, unites with the 
oxygen of the air, and forms carbonic gas. If we bum hydrogen, 
that also unites with the oxygen, and forms water, sometimes 
called the " enemy of combustion." The heat is probably derived 
from the force with which the atoms rush together when uniting. 
But whence is this derived ? Why do they rush together and 
unite ? The usual reply is, that thejr have a chemical affinity for 
each other ; which, tnmslated in plam language, means that they 
do so because they do so, and we call it " affinity " because we do 
not know how to explain it. It is often said that because the 
carbon in wood was derived from the decomposition of carbonic 
gas, the separation of oxygen and carbon set free the force which 
causes the reunion when combustion takes place. But the car- 
bonic gas must have been obtained by some previous combination, 
unless we suppose the oxygen and carbon never previously to have 
existed separately. 

(6.) Coal 843 a Medium of Force. — ^But why is coal the best 
form of fuel ? A pound of hydrogen in burning will give out 
more than four times as much heat as a pound of carbon will ; a 
pound of marsh gas >vill give out nearly twice as much, and a 
pound of olefiant gas neany half as much again, as a pound of 
carbon. Also, a pound of phosphorus will give out nearly as 
much heat as carbon. Why then use coal so universally 1 

Because of its practical convenience. Coal is solid, and occupies 
but small space as compared with gas, to say nothing of the danger 
of explosion and the trouble of obtaining and conveying the gas. 
Phosphorus is also a solid, but ignites at a much lower tempera- 
ture than coal, and is therefore much more dangerous. Coal is 
compact, easily procurable, does not ignite so easily as to be dan- 
gerous, nor with so much difficulty as to be troublesome. 

(7.) Water as a Mediuxn of Force. — To revert to the steam- 
engine, the one thing desired is to move the piston to and fro. 
The force which does this is derived from the combustion of coal ; 
but we cannot light two fires, one each side of the piston, and 
make them play at baU. with it. We require some medium to 
convey the force from the fire to the cylinder ; a manageable 
medium lyhich can be easily divided into smaU. portions, and sent 
here or there as we desire. All this water gives us. It absorbs a 
large amount of force, which it conveys to the cylinder, and it can 
be divided and directed at will. 

(8.) Electro - plating.— We saw (p. 183), that a "Darnell's 
constant battery " derived its element of constancy from the uaa 
of a sal t of the metal of which the negative "^VaXe '^^ja TasAa* '^^tsjo^ 
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the negative plate being copper, a solution of sulphate of copper 
was used to excite the battery. We saw also that one result was 
the covering of the copper plate by a deposit of copper. The sul- 
phate of copper was decomposed into its constituents of sulphuric 
acid, copper, and oxygen. The oxygen was used to replace other 
atoms of oxygen that combined with the zinc, and the copper was 
deposited upon the copper negative plate. That is, practically, the 
oxygen went to the positive pole of the battery, and the copper to 
the negative. 

The chief purpose and advantage of this construction was the 
constancy of the current. In other batteries the action becomes, 
after a time, weakened by the coating of the negative plate with 
the hydrogen derived from the decomposition of water. But in 
the Daniell battery it is oxide of copper, not water, that is decom- 
posed ; and it is copper, not hydrogen, that goes to the negative 
plate. But this plate being itself copper is unaffected, except in 
size, by the copper deposited on it. 

There were, however, results of another kind, quite unexpected, 
and which have proved of immense practical importance. It was 
found that the copper thus deposited was deposited with great re- 
gularity, and really formed another copper plate of uniform thick- 
ness throughout. This second plate coiild be detached from the 
first, upon which it was deposited. Upon being so detached it 
was found that the new plate, from having been built up, atom 
by atom, formed a mould or casting of the original plate. Wher- 
ever this had any slight projection or depression, its place was 
marked by a corresponding depression or projection. 

It was soon seen that this power of obtaining an exact repro- 
duction of a given surface might be utilised for the purpose of 
obtaining casts of medals, or other small bodies having raised sur- 
faces. But the use of this battery extended beyond the reproduc- 
tion of a reversed facsimile of a surface. The uniform thickness 
of the deposit made the outer surface of the new plate a second 
fac-simile, not reversed, of the surface of the original plate ; so 
that the two plates might be left together to form one of greater 
thickness than the one, but preserving the irregularities of the 
original surface. This second surface is rough, but can easily he 
burnished. 

The next extension of utility was when it was seen that the two 

?lates need not be of the same metal. In the original battery of 
)aniell they were both of the same metal, because it was this 
which gave a continually pure surface of metal, and thus gave the 
continuous and "constant" action of the battery which is its 
especial distinction. But this is not necessary when the deposit 
is the end, and not a means, of the galvanic action. 

This power of coating one metal with another and yet preserv- 
ing its projections and uepressiona, however fine or intricate, soon 
suggested the idea of plating metal articles by this means. Its 
advantages are manifold : especially valuable was the power of 
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easily regulating the thickness of the deposit and the deposition 
of an equal thickness on all parts of the surface, so that the de- 
pressions were as thickly coated as any other portion. If I place 
a thin plate of valuable metal over a thicker plate of commoner, 
and then engrave a pattern on it, I cut away the one plate only, 
leaving but a very thin substance beneath any deeply-cut part of 
the pattern ; but by cutting out the pattern on the common metal, 
and then coating it by making it the negative plate of a battery 
in which another metal is being decomposed, 1 get a deposit of 
this second metial of the same thickness throughout. 

In this way teapots, spoons, forks, and numberless other articles 
of domestic use, are made of a common metal coated with silver, 
of any degree of thickness, and presenting all the appearance of 
solid * silver. It would be out of place here to describe the 
methods of this electro-plating otherwise than as they illustrate 
the principles of electricity. 

It is necessary to attach a plate of some conducting substance 
to the positive as well as the one attached to the negative pole 
for the purpose of being covered. Why is this necessary ? If I 
connect a wire of copper to each end of a battery, the second ends 
of these wires become the poles of the battery, and from the posi- 
tive to the negative pole there passes a continual current of gal- 
vanic force. If these poles have termination of unequal size, this 
force will either diverge from the smaller to the larger, or con- 
verge from the larger upon the smaller, according as the positive 
or negative pole be the larger. In either case the force will be 
unequal in intensity. Thus, if I suspend a medal to the negative 
pole, while 4he positive pole terminates in a point, the current of 
lorce will tend to cross the medal in a line between the end of the 
connecting wdre and the point nearest the opposite or positive 
wire. The deposit will tnus be, comparatively, heaped on this 
line, and decrease in thickness towards the sides. But if I attach 
to the positive pole a plate of metal of a size corresponding to 
that of the medal at the negative pole, and bring the two surfaces 
face to face, within a short distance (say half an inch) of each 
other, each point of the positive plate will have a corresponding 
point in the negative plate, and thus the force will be generally 
and equally diffused over the whole surface. 

Another point, of theoretic as well as practical importance, is 
that the substance to be copied, or coated, must either be a con- 
ducting substance or be artificially rendered such. Thus, if I 
desire to coat a wax model or a glass model, it will not be suffi- 
cient to suspend it by a copper wire from the negative pole, for 
the wax or glass being a non-conducting substance will break the 
electric circuit, and no force will be available for coating it. It 
is necessary to enclose the model in some conducting envelope, 
which shall take the shape of the model in all its nicety. This 
can be done by coating it with some finely powdered conductor 
(plumbago is generally used), so that every point is covered. 
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This coating becomes itself coated hy being the terminal plate of 
the negative pole. The model itself serves to give this coating 
the required shape, but is not otherwise of anv value in the ope- 
ration. Care must be taken to continue the plumbago coating to 
the wire of the battery, so as to form a continuous conducting 
line. 



SUMMAEY. 

Sound, heat, light, &c., are the accompaniments of force, not the 
terminations of it Page 357. 

We can neither create nor destroy force, the origin of which is 
unknown to us. Page 357. 

We can apply force only by means of media. Page 358. 

The steam-engine is an example of the use of media to apply 
force. Page 358. 

Combustion is an example of force acting in a manner not yet 
{Uncounted for. Page 359. 

Coal is the most convenient fiieL Page 359. 

Water is the most convenient medium of force. Page 359. 

Electro-plating is also an example of the utilisation of force. 

Page 360. 



CHEMISTRY 



IN ITS RELATION TO PHYSICS. 



(1.) Introduction. — In speaking of the causes, effects, and na- 
ture of the phases of energy called Heat, Light, Electricity, &c., 
we have had frequently to talk of chemical composition and de- 
composition. Probably most of my readers are already more or 
less familiar with Chemistry, but some few may not be. For 
these I have written a few pages, which I trust will be excused 
by those who do not need them, 

(2.) Composition of Water. — ^Take a saucer nearly full of 
water, and throw on it, lightly, a small piece of pure potassium. 
Inunediately it will burst into flame, bum with a violet-coloured 
light, and be consumed. Contact with the water is the cause of 
its being set alight, and in burning it is absorbed by the water, 
which afterwards tastes differently from pure water, having 
somewhat the flavour of soda. But it is not that the water has 
had any effect on the potassium, but the reverse. The potassium 
has really affected the water, and broken some of it up into its 
constituent elements. Water is made up of Oxygen and 
Hydrogen, and Potassium has so much attraction for Oxygen 
that it will draw it out of the water, and leave only Hydrogen. 
That is, each drop of water, as it touches the Potassium, ceases 
to be water, and is broken up into Oxygen and Hydrogen. 
The Oxygen unites with the Potassium, while the Hydrogen 
passes away as gas into the air. The potassium having taken 
the oxygen into union with itself is no longer pure potassiimi, 
but potassic oxide, and this being dissolved in the water gives 
it the flavour spoken of. Pure Sodium will also, in a similar 
manner, separate, by mere contact, Water into its constituents, 
Oxygen and Hydrogen. The sodium will become sodic oxide 
by union with the oxycen obtained from the water, while, as 
before, the hydrogen wiU pass away as gas^ but the water must 
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u be combined with tlie 



cease to be water before the eodinm ci 
oxygen obtained by its deoompoaition. 

We prove the presence of nydrogen in water in this way, by 
means of potassium or sodium, since we can easily collect the 
gas given off while the oiygen of the water ia uniting with the 
potassium or sodium, and it proves to be pure hydrogen, which 
cannot have any source but the water. 7n the same way, hy 
uniting water and pure chlorine at a high temperature, we 
enable the chlorine to combine with the hydrogen of the irater, 
and the oxygen ia set free, and can be collected as gas. Thus we 
canget from water both pure hydrogen and pure oxygen. 

We know, therefore, that water contains both nydrogen and 
oxygen, and we can also prove that it contains no other mement 
For we can convert any given quantity of water into these two 
gases, and find nothing remaining. If we use potassium, we 
only get the hydrogen free, the oxygen being combined with the 
metal ; if we use rfilorine, we get only oxygen free, the hydro- 
gen being combined. But if we subject water to the action of a 
galvanic current, we get it entirely converted into gases, each of 
which is quite free and pure. 




The means by which this is effected are described on page 200; 
it will suffice to say here that the two wires c c conduct a galvanic 
current through the water at m, and the result ia its decomposi- 
tion and the rise of the gases oxygen and hydrogen in the tube a. 

Fig. 207 is the apparatus seen from above; lig. 208 the same 
seen sideways. The arrows show the direction of the current, and 
6 is a scale to show the quantity of gas evolved. 

That water is composed of hydrogen and oiygen, and only of 
these, may be still further proved by combining them again, 
and reconverting them into water, which may be done by pass- 
ing through the mixed gases a galvanic current. So that water 
can be separated into i& elements, and these may be reconverted 
into watfir by the same means —i.e., electricity. 

But we cannot take either hydrogen or oxygen from water 
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without taking both. We must consider water as made up in 
exceedingly small pieces, much smaller than the smallest drop 
we could take up on the point of a needle. Each of these 
minute drops is made of hydrogen and oxygen, and when we 
get either gas it is by breaking up some of these drops into their 
elements. If we take a lump of ice and pound it into the finest 
powder possible, each of these grains can be melted into water, 
from which hydrogen and oxygen can be obtained. 

Fig. 209 shows, on a greatly magnified scale, the oxygen and hy- 
drogen constituents of water, the two uniting to make the appar- 
ently single substance, water. 

The two gases are also always united together in exactly the 
same proportion. If we 

decompose any given quan- |ol|^(o@|olloS|oS@iffl 
tity 01 water into its ele- 
ments, we may measure [olgIo||Hloli[olloliloliIo|ilo]H 
these elements either by p. ^qq . 

weight or by volume. If 

by weight, we shall find the oxygen eight times as heavy as 
the hydrogen. If by volume, we shall find the hydrogen twice 
as much as the oxygen. Thus the oxygen is much heavier than 
the hydrogen: in fact, any volume ot oxygen weighs sixteen 
times as much as the same volume of hydrogen, if, now, we 
put in the same vessel one ounce of oxygen and one-eighth of 
an ounce of hydrogen, we should find the hydrogen (though so 
much the lighter) occupied twice the room that the oxygen 
required. So, also, if we put the gases together so that the 
hydrogen occupies twice the room of the oxygen, the oxygen 
would be found to weigh eight times as much as the hydrogen. 
In either case the two gases could be converted into pure water, 
which would weigh exactly as much as the two gases together, 
but would occupy very much less room. 

If an ounce of hydrogen and an ounce of oxygen be put 
together, the result will not be two ounces of water. The ounce 
of oxygen would unite with one-eighth of the hydrogen to make 
water weighing one ounce and one-eighth, while the remaining 
seven-eighths of an ounce of hydrogen would be left free and 
unaffected. So if we put together equal volumes of the two, 
the hydrogen will unite with half the oxygen, leaving the other 
half tree. 

The hydrogen and oxygen of which water is made, diflfer very 
much in their natures from water. Hydrogen will bum, and 
oxygen enables combustibles to burn more vividly than they 
can in ordinary air. Water neither bums nor assists combus- 
tion ; on the contrary, it is usually looked on as the natural 
enemy to fire. Oxygen and hydrogen are both gases, and there- 
fore both invisible ; water is a visible fluid. Water is heavy 
and falls to the ground ; its constituent gases are light, and rise 
in the air. 
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(3.) Chemioal Elements. — Oxygen and Hydrogen are very 
important in a chemical view. They enter into combination witn 
very many other elements, forming compounds of great chemical 
importance. Thus oxygen combines with very many of the other 
elements, just as we see it does with potassium and sodium. 
These combinations axe called oxides. 



Oxide of Potaniiim or Potassic Ozida. 
Oxide of Sodium or Sodie Oxide. 
Oxide of Iron or Ferric Oxide. 
Oxide of Zinc or Zindc Oxide. 
Oxide of Lead or Plumbic Oxide. 

Hydrogen also combines with many of the other elements, 
thus— 

Hydrogen and Nitroffen unite to make Ammonia. 
Hydrogen and Chloxuie „ HydrocUoric Add. 

Hydrogen and Carbon ,, Marsli Qas. 

Hydrogen and Oxygen „ Water. 

These gases, oxygen, hydrogen, chlorine, nitrogen, and 
the solid, carbon, differ from water or anv other compound sub- 
stance, in that they are entirely simple. Out of water we can get 
oxygen and hydrogen ; out of ammonia we can get hydrogen and 
nitrogen. But from pure carbon we can get nothing but carbon, 
out 01 hydroeen nothmg but hydrogen, and so on of the other ele- 
ments. Each is homogeneous, and incapable of further analysis 
by any power at present in our hands. 
Fig. 210 shows the simplest method of decomposing chemical 

compounds. The me- 
thod is described at 
page 186. 

The number of 
these ultimate con- 
stituents (of vari- 
ous combinations, of 
which the whole 
world is made up) 
is not large. Some 
Pig. 210. sixty simple sub- 

stances comprise the 
elementary materials of the universe. Of these, one-third mav 
be considered of primary importance, being very widely spread, 
and necessary for the continuance of the earth, water, and air, 
and for the preservation of life. Another third may be classed as 
of secondary value, being of much less extent, but of great econ- 
omic value, such as zino, tin, gold, silver, &c. The remaining 
third are of but little general importance. The following table 
gives the names of the elements of first and second rate import- 
ance, the more important being printed in larger type than the 
other : — 
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CSUoriBe. Fluorine. Hydrogen. Hitrogen. Qiygen. 





Liquids* 








Mercury. Bromine (?) 






SoLidi. 






AlnmininTn. 


Barium. 




Chromium. 


Antimony. 


Bismuth. 


Calciimi. 


Cobalt. 


Arsenic. 


Boron. 


Carbon. 


Copper. 
Sodium. 


Gold. 


Magnesiun. 


Platinum. 


Iodine. 


Manganese. 


Potassium. 


Strontium. 


Iridium. 


Nickel. 


Rhodium. 


Sulphur. 


Iron. 


Palladium. 


Silicon. 


Tin. 


Lead. 


Phoeplionis. 


ailv6r. 


Zinc. 



• From what we have already learned respecting water we in- 
fer — 

(1.) That water always consists of the same elements. 

(2.) That these elements always combine in witter in 
the same ratio. 

(3.) That these elements in that ratio can always be 
combined to form water. 

From similar experiments with other componnds and elements 
— ^€., by analysing other compounds, and recombining their ele- 
ments — we might extend our mferences to saying — 

(1.) That the same compound substance always contains 
the same elements. 

(2.) That these elements are (in any given oomponnd) 
alvrays united in the same ratio. 

(3.) That the same elements, in that ratio, if capable of 
b^ng united, will al^ways produce the same oomiK>und. 

This reservation is necessary, because in many cases we can uialyse a com- 
plex substance, and ascertain the number and quantity of its elements, 
without being able to reconstitute it from those elements. 

We shall find that these three principles do underlie all chemi- 
cal combination ; and this fact enables us to write chemical facts 
in a kind of shorthand — equally easy to write and to read — ^which 
tells us the composition of each substance both as to its elements 
and the ratio in which they are present. Thus Water is composed 
of hydrogen and oxygen in the ratio of two volumes of hydrogen 
to one of oxygen, fi we express hydrogen by H, and oxygen by 
0, then HO will express hydrogen and oxygen, and HsO ^mi ex- 
press that the hydrogen is present in twice the volume of the 
oxygen ; and thus H,0 will express water in the simplest and 
most complete chemical manner possible. In hydrochloric add 
we have bydrog^an and chlorine in equal voliunes. If we re- 
present hydrogen by H, and chlorine by CI (C being used for car- 
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txm), we bare HCl rqymenting the elements of hydrochloric acid, 
and alto the fact of their union in eqnal yolnmesw In ^mmninm 
we have three yolames of hydrogen to one of nitrogen, and 
(nitrogen being written N) we have, as the expression of ammonia, 

^ The following table gives some of the more important combina- 
tions of two elements : — 





1 


CI 

Chlorine. 


P 

Fluorine. 


I 

Iodine. 


^ N 

Nitrogen. 


Carbon^ . 


C 










Calciumi . 


Ca 


CaCl, 
Chloride 
of lime. 








Iron, • • 


Fe 










Hydrogen, 


H 


Ha 

Hydro- 
chloric 
acid. 


HP 
Hydroflu- 
oric acid. 


HI 

Hydriodic 

acid. 


H3N 
Ammo- 
nia. 


Mercury, . 


Hg 


Hga. 

Chloride 

of mercury 

(corrosive 

sublimate). 








Magnesium, 


Mg 










Sodium, . 


Na 








Naa 

Chloride 

of sodium 

(salt). 


Phosphorus, 


P 












Oxygen. 

CO, 

Carbonic gas 

(carbonic 

acid). 

CaO 

Oxide of cal- 
cium (lime). 

Fe,0, 

Oxide of iron 

(iron nut). 

H,0 
Oxide ofhy- 
drogen( water). 



HgO 
Oxide of mer- 
cury. 

MgO 
Oxide of mag- 
nesium (inag- 

nesia). 



PA 

Phosphoric 

anhydride 

(phosphoric 

acid). 



In the table there are some small numerals, 2 and 3. Thus 
CaCl| means that if ony cjuantity of the compound be converted 
in a g<Uf there will be twice as much chlorine 6y volume as calci- 
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am. So H,0 (water) means that in any quantity of steam there is 
twice as much hydrogen as oxygen by volume. Where there are 
no numerals, such as CaO, H^O, or Hd, the volumes of the two 
constituents are equal, when %n the gaseous form. 

Notice how reaaily hydr(»;en and oxygen enter into combina- 
tion with other elements. Also hydrogen seems, although a gas, 
to resemble the metals in combining character. 



CONCLUSION. 

I have now exhausted, not my subject, but my space. I have 
tried in this book to do little more than to excite my reader^s 
attention to the phenomena of the outer world, and to put 
before him in general language some of the laws governing these 
phenomena. I hope soon to offer him a second book, in i^ch I 
will try to answer, in detail and accurately, some of the many 
questions which I hope this book will induce him to ask, and 
which it does not pretend to answer. 
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These tables are mostly abridged from the Reports to the British 
Association. They are frequently somewhat discordant, but I 
have preferred to leave them so, as showing the difficulties of 
scientific research, and the variety of the results obtained. 

LIGHT. 

Table I. — ^Thb Rays of the Sun. 

(1.) The sun's mys have three kinds / J* JiTi?«T.''K^^^^^°^- 
offtffecf— 1 2- Calonfic or heat-givmg. 

**' ®°®**^ • ( 3. Actinic or chemical. 

(2.) In spring the actinic rays, and in autamn the heat rays, are far in 
excess of the others. 

(3.) The most luminous rays show least chemical action on iRovyanie 
matter. 

(4.) The most luminous rays influence all organic matter. 

(5.) ,, „ protect bodies from the chemical action of 

the other rays. 

(6.) Luminosity and actinism appear to be antagonistic. 

Table II. — ^Velocity of Light. 

(1.) Estimated by Fizeau at 167,528 geographical miles per second. 
(2.) „ Delambre at 167,976 „ „ 

(3.) „ Struve at 166,096 „ „ 

(4.) „ Foucault at 160,920 „ „ 

The estimation of Foucault is lower than the other, and agrees with the 
decreased estimate of the distance of the sun from the earth. 

Table III. — Influence of Light on Vegetation. 

(1.) Light prevents the germination of seeds. 

(2.) Actinism assists this germination. 

(3.) Light helps the plant to decompose C0». 
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(4.) Light and actinism without heat prerent the development of repro- 
ductive organs. 

^5.) Heat facilitates flowering and reproductive development. 

(6.) Light and heat are essential to formation of colouring material. 

(7.) The amount of growth and wood in a plant varies with the light 
rays falling on it^ as may be shown by covering plants witii different- 
coloured glasses. 

Coloor of glass cover. 



White. Bed. Yellow. Blue. 



7.2 ) Percentage of woody fibre ; show- 

20.6 V ing that white light was the best, 

10.7 J and blue the worst, for growth. 



Ist plant, 8.2 8 8.1 

2d plant, 22.7 21.6 22.6 
8d plant, 12.6 ILS 12 

(8.) Different-coloured glass affects the passage of light rays differentiy. 



Coloor of glass. 



A 



^ 



White. Bed. Tellow. Blae. 

97 66 90 61 ^ Percentage of rays 

76 84 82 60 > of each kmd trans- 

93 29 20 94 j mitted. 



Luminous rays. 
Heat rays, . 
Actinic rajrs. 

The small percentage of actinic rays transmitted by yellow glass enables 
photographers to light their laboratories by means of this glass, and so to 
work in the light. At one time they had to work in darkness, after taking 
the impression in the camera, because of the action of light. A piece of 
photographic paper submitted at the same time to action of two rays of 
light, one ordinary sunlight, the other transmitted through yellow glass, 
remained unaffected, the luminous rays being apparentiy antagonistic to 
actinic rays. See Table I. 6. 

Table IV. — Substances chemically affected by the 

Sun's Rays. 

Silver, gold, platinum, mercury, iron, copper, manganese, lead, nickel, 
tin, cobalt, antimony, bismuth, phosphoras, resins, &c. 

Of silver, the most sensitive compounds are the nitrate, chloride, and 
bromide; of gold, the chloride and chromate; of platinum, the chloride, 
iodide, and bromide. 
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Table V. — ^Wave-Lengths of Light. 



Colours 

of the 

spectrum. 

Bed . 



Orange 

Yellow 
Green. 
Blue . 
Indigo 



lines in 

the 
spectrum. 



{ 



B 
C 

D 

E 

F 

G 



Wave- 
length 
in inches. 



.0000299 

.0000268 
.0000256 

.0000230^ 

.0000206 

.0000189 

.0000168 



The numbers give the decimals of 
an inch estimated as the extent of 
each wave or vibration at the parts 
of the spectrum where the dark 
lines occur. The numbers increase 
from the violet end towards the 
red end, showing that the size of 
the waves decreases steadily from 
the red to the orange, from the 
orange to the yellow, &c.,to tho 
violet. 
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Table VI. — ^Refraction. 



a) 



Solidt, 

Diamond^ . . 
Phosphorus, 
Sulphur^ . . . 
Ruby, . . . 
Iceland-spar(a), 

0>), 

Glass (flint), . 

,f (crown), . 

loe, .... 



Befrac- 

tlye 
indices. 



2.55 
2.22 
2.12 
1.78 
1.65 
1.50 
1.57 
1.51 
1.31 



Liquids. 

Bisulphide of ) 

carbon, . . ) 

Alcohol, . . . . 

Ether, . . . . 

Water, . . . . 



Oatet* 

Chlorine, 
Carbonic gas, 
Ammonia, . 
Nitrogen, . 
Air, . . . 
Oxygen, . . 
Hydrogen, . 
No refntotion. 



1.64 



1.36 
1.35 
1.83 






1.0008 
1.0005 
1.0004 
1.0003 
1.0003 
1.0003 
1.0001 
1.0000 



(2.) 
Effects of temperature on refraction. 



Temp. 
C. 



Length. 



Disper- 
sion. 





(A.) Bitulphids qf Carbon, 


0« 


1.621 


1.644 


1.717 


0.095 


lO*' 


1.614 


1.634 


1.708 


0.093 


20° 


1.607 


1.626 


1.699 


0.091 


SO** 


1.599 


1.618 


1.689 


0.090 


40*^ 


1.591 


1.610 


1.681 


0.089 



(B.) DittilUd Water. 



0° 
W 
20° 
30° 
40° 



1.329 
1.328 
1.327 
1.827 
1.325 



1.333 
1.332 
1.332 
1.380 
1.329 



1.343 
1.348 
1.342 
1.341 
1.840 



0.0147 
0.0146 
0.0148 
0.0145 
0.0148 



.148 
.147 
.146 
.145 
.145 



.0429 
.0439 
.0445 
.0438 
.0449 



A. D. and H. are the spectrum lines so 
named. 

Notice the greater differences in the 
bisulphide than in water, and also the 
greater regularity of decrease. 



(3.) In eyery substance the refractiye index diminishes as the tempera- 
ture increases. 

(4.) In eyery substance the length of the spectrum diminishes as the 
temperature increases. 

(5.) The dispersion sometimes increases and sometimes decreases as the 
temperature increases. 

(6. ) The solid and liquid conditions haye different indices. For ex- 
ample : — 

Temp. A. D. H. 

SoUd phosphorus, 25° C. 2.105 2.144 2.309 

Liquid phosphorus, 35° 2.308 2.074 2.226 

Table VII. — Polabisation. 

(1.) The metaJs haye no angle of complete polarisation by reflection for 
ordinary light. 

(2.) The metals and some other bodies (indigo, diamond, sulphur, kc.) 
confer elliptic polarisation by reflection on plane polarised light. 

(3.) The water of Lake Geneya, remarkable for blueness. was found to 
reflect polarised light, the line of complete polarisation oeing at right 
angles to the line joining the water and the sun. 
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Table VIII.— Standard of Light. 

The want of some definite unit of light has led Mr Crookes to suggest 
the following : — A glass lamp having a neck aperture of ^ hioh, burning 
a liquid fuel composed of alcohol and bensol, in the proportion of 6 yol- 
umes of alcohol to 1 volume of benzol. The alcohol to be of 0.805 specific 
gravity, and the benzol to boil at 81° C. The wick-holder to be a platinum 
tube, and the wick 52 pieces of platinum wire, each t^v inch in diameter. 
The consumption of mel would be 186 grains per hour, giving a uniform 
luminosity. 

Table IX.— Aurora, October 26, 1870, L(md<m. 

The spectrum of this magnificent phenomenon gave a red line near C, a 
yellow line near D, a pale line near F, and one stifl paler beyond F. 



HEAT. 

Table I. — ^Einds op Heat. 



(1.) Heat is sometimes divided into dark and light heat. 
(2.) Dark heat emanates from all terrestrial homes. 

„ „ is absorbed by all bodies in proportion to their textwre. 

„ ,, is unable to pass through glass. 
(3.) light heat is given off at a higher stage of incandescence. 

„ „ is absorbed bv all bodies in proportion to co^oier. 

„ 9} is transmitted by all transparent substances, 
has the power of exciting vision. 
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Table II. — Source op Heat in the Sun. 

JL.) The sun may be an intensely-heated body, gradually cooling by 
iation. 
(2.) It may give out heat by means of combustion. 
(3.) In either case its existence seems terminable : in the first case by 
cooling ; in the second by exhaustion. If fuel were supplied from without, 
the force required to supply it would be probably greater than that repro- 
duced by the combustion. 

Table III. — Radiation and Absorption op Heat. 

(1.) Different bodies, when heated, emit different kinds of heat. 

(2.) Some bodies emit only one kind, some several kinds. 

(3.) The amount of absorption increases with the thickness. 

(4.) Bock-salt is diathermic, because it radiates and absorbs only one 
and the same kind of heiit. 

(5.) Heat &om rock-salt is almost entirely absorbed by fiuor-spar. 

(6.). Heat from fluor-spar is only J absorbed by rock-salt. 

(7.) If a spectrum of heat from rock-salt could be visible, it would be 
seen to contain one band only, resembling that of sodium, which is one of 
its constituents. 

(8.) The effect of a heated body on a thermometer is proportional to the 
angle it subtends upon it. 

(9.) Different temperatures mean different wave-lengths. 
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Table IV. — Radiation and Absorption. 



0) 


• 

1 


1 


Book-salt, . . 


51 


25 


Fluor-spar, . . 


95 


49 


Bed-lead, ... 


118 


57 


Oxide of cobalt, 


121 


62 


Sulphide of iron. 


131 


66 


Lampblack, . . 


163 


100 



(2) 



Bock-salt, . . . 
Iodide of lead, . 
Sulphate of zinc. 
Chloride of lead, 
Sugar, .... 
Oxide of lead. 
Sulphate of lime. 
Carbonate of zinc. 
Iodide of copper, 
Bed oxide of iron. 
Black oxide of iron. 



& 



24 
36 
36 
39 
52 
66 
59 
62 
63 
63 
65 






38 

26 

26 

t 

25 
? 

26 
26 
24 
24 
21 



The first column is the proportion of heat radiated from the sur- 
face of a Leslie's cube covered with the substance named in a finely- 
powdered state. The second column shows the proportion of tlus 
heat absorbed by a rock-salt lens on which it falls. 



Table V. — Transmission. 

(1.) The quantity of heat that traverses a body is proportional to the 
temperature of the source. 

<2.) This quantity is also proportional to the thickness of the traversed 
body. 

(3.) Bock-salt is equally diathermic to all kinds of heat. 

(4.) Diathermacy is not proportional to transparency. 

(5.) Thermometer cooled from 100" to 0** C. in vacuo, l(fi^ 5«- ; in air, 
'jm. 3«. J in water, 1™- 5"- ; in mercury, 0™- 36«* 



Table VI.— Expansion. 




Expansion for 1* F. 


From 0* to 100* C. 


1 


Zinc, cast, .0000213 
„ tube, .0000177 
Tin, cast, .0000162 
„ tube, .0000193 
Brass, . .0000130 
Copper, . .0000121 
Glass, . .0000052 

1 


Mercury, . . . .015 

Water, 05 

Turpentine, . . .07 

Ether, 08 

Alcohol, ... .11 

This is the total ex- 
pansion for 100"* ; forr 
it would be less than 
jhi of this if near 0% 
and more than t^ if 
near 100% the coeffici- 
ent increasing gradu- 
ally from 0" to 100^ 


For all gases 
the expansion is 
about .00366, or 
tIt (which may 
be also written 
rih). This 
means that a 
column of gas 
will expand t4t 
of its length for 
every 1"* C. 
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Table VII. — Specific Capacity for Heat. 



(1.) 


(2.) 


Between 0* and 


Solid! 


Llqnid. 






Specific 


Specific 


100 G. 






Gases. 


Specific 


heat for 


heat for 










gravity. 


eqnal 


equal 


Water, . . 




1.000 






vols. 


weights. 


Turpentine, 




.425 


















Sulphur, 
Graphite, . 
Phosphorus, 

OIlLSfl 


.202 
.201 
.189 
.177 
.146 
.109 
.094 




^^Ift • • • • • 

Nitrogen, . . 
Hydrogen, 


1.000 
.972 
.069 


1.000 
.961 
.131 


1.000 

.988 

1.894 






Carbonic oxide, 


.972 


1.050 


1.080 


Iron, . . 
Copper, 




Carbonic gas. 


1.527 


1.667 


1.091 




Nitrous oxide. 


1.627 


1.780 


1.165 


Brass, . . 


.093 












Zinc, . . 


.092 












Tin, . . . 


.066 












Silver, . . 


.056 












Mercury, . 




.033 










Antimony, 


-.060 












Platinum, . 


.035 












Gold, . . 


.032 












Bismuth, . 


.030 
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Table Vin. — Conduction op Heat. 









(3.) 


a.) 




(2.) 


Various estimates by 


Pore Metals. 




Alloys. 


different observers; 
the variations proba- 
bly due to impimties. 


Silver . . . 


1000 


Pure silver. . 1000 


Silver being 1000, 


Gold .... 


981 


Tin and Lead. 


copper is esti- 


,f (1 percent 




1 Sn + 5 Pb . 801 


mated by 
Bequerel . 953 
Heiss, . . 672 


of silver) . . 


840 


5 Sn + 1 Pb . 886 


Copper, rolled 


845 


Tin and Zinc. 


„ cast 


811 


5 Sn + 1 Zn . 442 


Lenz , . 734 


Aluminium . . 


665 


1 Sn + 5 Zn . 672 


Davy . . 912 


Zinc, rolled . . 


641 


Lead and Antimony 


Christie . 660 


„ cast vertically 628 


1 Pb + 5 Sb . 216 


Buff . . 950 


ff ,f horizon- 
tally . . . 




1 Pb + 1 Sb . 276 


Harris. . 1000 


608 


Antimony and Bis- 


Ponillet . 780 


Cadmium . . . 


677 


muth. 


Amdtsen. 987 


Iron^ malleable 


436 


1 Sb -1- 5 Bi . 76 




Tin .... 


422 


6 Sb -1- 1 Bi . 159 




Steel .... 


397 


Copper and Tin. 


# 


Platinum . . 


880 


1 Cu + 5 Sn . 459 




Sodium . . . 


365 


6 Cu -1- 1 Sn . 706 




Cast iron . . 


359 


Copper and Zinc. 




Lead .... 


287 


1 Cu + 5 Zn . 657 




Antimony . . 


215 


5 Cu + 1 Zn . 780 




Bismuth . . . 
Mercury . . . 


61 
54 












Pure copper . . 778 








100 Cu + 2.5 P . 7.2 








„ + .95 P . 23.2 








„ + .13 P . 67.6 








„ -1- .18 S . 88.5 








„ + 3.2 Zn . 66.9 








„ + 1.06 Fe 26.9 








„ + 4.9 Sn . 19.6 








„ + 2.6 Arg 79.3 








,, -f- 3.6 Au 66.3 
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ELECTEICITY. 

Table I. — Conduction of Electricity. 



(1.) 

Conductors. 



Silver 

Chopper No. 3 
,, No. 2 
Gold 
Sodium 
Aluminium 
Copper No. 1 
Zinc 

Magnesium 
CaSuium 
Calcium 
Potassium 
Lithium 
Iron 

Palladium 
Tin 

Platinum 
Lead 
Argentine 
Strontium 
Antimony 
Mercury 
Bismuth 
Graphite 
Gas-coke 
Tellurium 
Red phosphorus 



At 0*0. 



1000 

774 

720 

551 

874 

337 

806 

273 

254 

221 

221 

208 

190 

144 

126 

114 

105 

77 

76 

67 

4^ 

16 

11 

0.6 

0.3 

0.007 

0.00001 



At 

lOO* 

0. 



715 
543 
505 
392 



200 
147 



81 
50 

32 
8 



(2.) 

Various estimates of Conductibility. The 
▼ariations due to impurity, moleciUar con- 
ditioD, annealing, and temperature. 





Lenz. 


saver 


1000 


»' 


734 
585 


Cadmium 


• • • 


Zinc 


• • • 


Tm 


226 


Iron 


130 


Lead 


107 


Platinum 


104 


Mercury 


34 



BequereL 



1000 

953 

669 

263 

257 

150 

131 

88 

86 

18 



Matthiessen. 



1000 
999 
780 
237 
290 
123 
144 

83 
105 

16 



(8.) 

Conductihility of Alloys.* 



Pure metals generally 

Gold 

Silver 

Copper 

Silver 

Platinum 

Gold 

Iron 

Gold 

Iron 

Gold 

Iron 

Silver 

Palladium 25.0 

SUver 66.6 ) _ 

Palladium 33.4 f~ 




90.0) 
10.0 f - 
75.0 ) _ 





AtO*. 


Uy 
100 


444 


100 


316 


100 


27 


100 


23 


100 


21 


100 


85 


100 


67 



Decrease 

per cent 

to 100*. 



29.3 
15.5 

11.3 

27.9 

3.8 

17.5 

3.4 

3.1 



(*0 



^n ^5 } = ^^' ** ^^*' ^^ ' ^* ^^'' ^^ ' ** ^^*' ^^' oonductivity. 

If X = conductivity and t the temperature ; then at all temperatures 
we have, A = 20.967 + .010057* + .00001052<* for this alloy. 

* This table was the result of an inquiry for a conductor having a ma'rinimn con- 
ductivity with a minimum variation with temperature. 
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Table II. — Electrical Kesistance. 

(1.) STANDARDS. 

PuBE Metals. — Advantage. Electrotype copper has always the same 

conductivity. 
„ Disadvantage*. Influences of annealing and of tem- 

perature. 
Mbbcubt. — Advantage. Mercury has no change of molecular con- 
dition. 
„ Ditadvantages. Impurity and amalgamation affect con- 

ductivity. It must be in a tube, which may be broken, 
and may alter in volume. 
Alloys. — Advantages. Small variation in different specimens ; mo- 
lecular condition alike in all ; annealing and temperature 
have but small effects. 
y, Disadvantage. Alloys alter with time more than pure 
metals. 

(2.) EQUATIONS FOR STATICAL OR FRICTIONAL ELECTRICITY. 

E 
(a) C = g-. The current equals the force divided by the retistance, 

0) Q = Ct. The qitantity equals the current multiplied by the time. 
(y) W = CRt. The work equals the square of the currenX multiplied 
by the resistance and by the time. 

Q 

(a) P = -^, • Mutual repulsion (F) equals quafUity divided by the 

square of the distance. 
(3.) EQUATIONS FOR DYNAMICAL OR GALVANIC ELECTRICFTY. 

The object of this series of equations 

is to find the last one, R = -rrrz t 

4 k* tan, d. 

of which the right hand member con- 
tains only known quantities, and there- 
fore gives the value of R. The symbols 
have the following meanings : m = the 
strength of a magnet. L = the length 
of a wire bent in a circle round it hav- 



/ 



(a) 0) (y) exactly as above. 
Hk» 



In) C = tan. d. ^^ * ^"* "^^^ *° * circle rouna it nav- 

L * * / ing a radius = k. The angle through 



(ic) F = S L C. 
(A) W = V S L C. 
(fi) B = V S L. 
L* V 

^''> ^ = TFtan. d. 



which the magnet moves by the force 
of the current through the wire = d. 
The force which causes this movement 
= f. H = the earth's magnetic force. 
V is the velocity of a straight con- 
ductor crossing the lines of magnetic 
force having an intensity of S. By 
giving the nght values to L, V, k, aiKl 
df we can find a material representative 
of any given resistance R 

Table III. — Units op Electrical Resistance. 

Siemen's mercury unit, 9564 

Matthiessen's „ 9646 

Weber's absolute measure, lM22£52^metoes ^^^^ 

second. 

British Association unit, 1.0000 

All the above are nearly the same. 
Matthiessen's one mile of copper wire iV inch diameter, 13.59 
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Table IV. — Great Induction -Coil op the Polytechnic 

Institution. 

Length, 9 ft. 10 in. ; diameter, 2 ft. ; tmght, 15 cwt. 

Primary wire. — 3770 yards of copper wire .0925 in. diameter^ weight 
145 lb., arranged in 6000 coils round a core of soft iron ; resistance, 2.2 
B. A. units. 

Secondary wire. — 150 miles of .015 in. diameter, covered throughout with 
silk; weight, 606 lb. ; resistance, 33.560 B. A. units. 

Soft iron core. — A bundle of very soft iron wires, each .0625 in. diameter; 
total diameter, 4 inches ; weight, 123 lb. 

The primary and secondary coils are separated by an ebonite tube 8 ft 
long and ^ in. thick. A Bunsen*8 battery of from 5 to 50 cells is used to 
excite the coil. 

Number of cells used, 5,10, 15, 20, 25, 30,85, 40, 50. 

Length of spark in inches, 12, 14, 17.5, 21.25, 23, 23.5, 26, 27.6, 29. 



Table V. — ^Thermo-electricity. 



Iron. 


Silver. 


Flatinam. 


Gold. 


A 


Copper. 


A 


10 -> 


A 


12 -> 


A 


10 -> 


A 


15 -> 


100 <- 


i^ 


2-> 


b 


1 -> 


B 


10 <- 


B 


2 -> 


B 


weak — > 


&G 





C 


2 <- 


C 


10 <- 


C 


4 <- 


C 


3 <- 






D 


5 -> 






D 


4-> 


D 


3-> 


c^ 


8 -> 


A 


weak — > 


A 


100 <- 


A 


10 <- 


A 


190 <- 


S B woak-> 


B 


weak — > 


B 


10 <- 


B 


weak <— 


B 


2 <- 


i^ 


2-> 


C 





C 


12 <- 


C 


1 <- 


C 


2 <- 


"^ D 


5 <- 


















lA 


12 -> 


A 


15 -> 


A 


5 <- 


A 


10 -> 


A 


80 <- 


Ib 


10 -> 


B 


15 -> 


B 





B 


10 -> 


B 


10 -> 


SO 


10 -> 


C 


12 -> 


G 





C 


10 -> 


C 


15 -> 


A 


15 -> 


A 


10 -> 


A 


10 t^ 


A 


weak <— 


A 


170 <- 


2 B weak— > 


B 


weak — > 


B 


B 


weak "^ 


B 


weak <— 


sc 


8-> 


C 


2 -> 


C 


10 <- 


C 





C 


weak — > 


D 


4 <- 


















►: A 


90 «- 


A 


210 «- 


A 


250 <- 


A 


800 <- 


A 


220 <- 


2, B weak-> 


B 


weak "> 


B uncertain^" 


B 


weak <— 


B 


weak <— 


^C 


3 -> 


C 


2-> 


c 


15 <- 


C 


weak <* 


C 





'^D 


3 <- 



















The metal named above is always to the right hand ; that named at the 
side, to the left hand. The two metal wires were each looped at the end, 
and joined as two links of a chain. The numbers show the force of the 
current, and the arrows its direction. 

A. The contact was loose, and the heat applied to the right-hand loop. 

B. The contact was tight, and the heat applied to the right-hand loop. 
0. The contact was tight, and the heat applied to the middle of the 

two loops. 
D. The same as C, but to a higher temperature. 



Tablb VI. — Thebko-eleotbic Ihybbsiohs. 



I.-,,- 


-J.6- 


..■ 


w 


p 


$ 


II 


li 


!> 


t 


^1 


II 




Il 


ii 


Il 


11 



(2. 1 At the temperstore marked obors an; pair of metals there ia ito 
electrio ourreDt far that pur. 

(3.) The direotion at the onnent ehaogee aa the temperature paaaea 
through this, beiDs the reverse abore to wbat it ia below. 

[i.) Some pain tiaTe mors than one lero-point — notice platinum and 



Tablb TIL— Elkcti 







Batttca Df 


SnrtUeof 
EectrodM 
ln»q. in. 


E 


No. ofoaMc 














In qouiUtJ. 


sq. In. 






1 


1 


S 


8 
72 
72 


i 


atraceonlj 


2 


i 




1 s 


s"? 








32 
8 


: 9 


5.3 
2.B 


2 


i' 


i!i 


wire 
72 


III 


o.a 

20.fi 




















lil 










iS 


20 








40 


■a 2- 


20 














■• 




24 
18 


i J 


16 






















3.5 


" 






wire 


" 





UAStTETISU, 



{Z.} BfriTes the number of dsUb uranged for quoutitf — 1.&, alltbepooi- 
tiTS poles coaneot«d, and all th« negatlTe polsa abo. 

(3.) C >bawB the namber af pl&taa in mob quantity armigemmt — 1 cell 
= 8 In. ; 4 cells = 32 in. 

Ji-) D g:iTeG the. amfaoe of the eleotTodsa— t.e., the snr&ee in ooatact 
with the water to be deconqiossd. Thii was altuible et pleuaie. 

B and F eiplaic tl ' — 



MAGNETISM. 

Tablb I.— Vabiatiohs. 



(1.) DIP greatest when Bon and m< 
sun and moon are In oppoeitioa. 

(2.) FORCE least when the inn aad 
apportion ; greatest when the sun ani 



>u are in quadrature. 



Tabli IL — Bit, Declination, aud Inibnbixt. 



:l) station. 


Sate. 


OUB 


[2.) Btitlon. 


!>„. 




laUssitr. 


Kew 


Ang. IBfiS 


es-z- 


Brest 


BS.i 


21° 


4° 


Greenwioh 






srfis' 




68.6 


20.2° 


4.1° 


Norwich 






88° ir 


LflYBl 


66.S 


1B° 


4.1° 


firuBsels 


Sap 




67° ff 


Angora 


65.1 


19° 


4.2° 


Utrecbt 






67° 43' 


Bnyonne 


62.6 


18.3° 


4.6" 


Vienna 






63° S8' 




ea,e 


18.3° 


4.0° 


Uiinich 






Bi°7' 




044 


18.8° 


4.2° 


Paris 


Oot 




06° iff 




63.3 


18.2° 


4.4° 


Oreenwioh 


Deo 




67=68' 


Paris 


6S.8 


17.8° 


4.1° 


Therareau 


ts were all obaerred 




62.0* 


i7.r 


4.B° 


by the same peraon. 











Tablb IIL— Strength op Maonbts. 

(1.) The uiual equation is P = 10.33 V W, meaning that the power 
P IB equal to la^ times the cube root of the square of the magnef s weight. 

(2.) Herr Lageman, in 1850, produced magnets of greater power, by 
pauing horse'shos'shaped pieces of steel asTcfal times through a helix of 
Doppsr wire eonneoted with one or tno elements of a Grors's battery. 

P = 10.83 V W*, glvsa 
Magnet A, weighing 1 lb., stipparted2SjIb. about 10 1b. 



Tablb IV.— Elbctbo-Maonbtisu. 



Given a hatter?, aLalii of wire, e 



id a bar of salt iron, than 

me witb the strength of the curreDt. 

indepaadeut of the thiokoeBa of the 



(3.) Tha unou: 
tar of tbe ooil. 
JU.) ThBaJnoiL 

(E.) The attractive force of electro-magiiets is proportional to the sqaare 
of the force of the aurreat bj which tbey are magnetised. 



it of magDetiam is 
it of magnetisiD te 



■acUeallT/ indepeDdent of the diame- 
M with the diameter of the soft-iron 



Table V.— Attraction op Magnets. 

(1.) A horae^ahoe soft-iron bar, 13j inches acrou tbe poles, diametarof 
pola 2J inohea, with 1690 feet of copper vire in tan equal h^cea, einted 
by a battery with one vol of SOj in 60 of water. 





WfiEtit 


(=. 


WBiKht Mtrn 


ctiKintBdlstm 


6 0f- 




















used. 




POilB. 


Contact. 


Ail- 


lin 


lln. 


fln. 




1 


■1 


1 


]2ilb. 












3 


7 


R 




9 


** 




^ 


^ 




4 
5 

7 


13 
18 
■22 






12 
IS 
IB 


7 




t 

^ 


f 


n 


8 


28 
ISj 


9 




30 
21 






i 


% 


t 



Table VI. — Eleotro-Maobmic Foscb. 

Inl833. a boat 28 feet long, 7i feet Hide, drawing 2j feet of wi 
isanjing H peraoiis, was prop^le" 
mn^stio macbiiie, eicitsd by 320 j 
excited b; sulpliate of copper. 

In I83G, the aama boat waa pr , 
machine, excited by 61 plates, each 3C 
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THE METRIC SYSTEM OF MEASUEEMENT. 



Table L— Comparison, 



Names. 


Length. 


Surface. 


Capacity. 


Weight. 


o /Myria... 

.f J Kilo 

1^ Heoto... 

•^ iD^a..... 

Unit.... 

i fDeci 

:i< Centi.... 
1 .Milli 


10,000 metres 

1000 metres 

100 metres 

10 metres 

1 metre 

.1 metre 

.01 metre 

.001 metre 


100 ares 
1 are 

.01 are 


lOOOUtres 
lOOUtres 
lOUtres 
lUtre 

.lUtre 
.01 litre 


10,000 grammes 

1000 grammes 

100 grammes 

]0 grammes 

.1 gramme 

.01 gramme 

.001 gramme 



Table II. — Length. 







Englifth Equivalents. 


Names. 


Yards. 


Feet. 


Inches. 


Myriametre . 

Kilometre . . 
Hectometre . 
D^ametre . 
Metre .... 
Decimetre . . . 
Centimetre . . 
MilUmetre . . 


■ 


10,936.33 

(6.2137 miles) 

1093.633 

109.363 

10.936 

1.094 


82.809 
8.264 


89.871 
3.937 
0.394 
0.039 



Table III.—Capacity. 





GUIs. 


Quarts. 


Gallons. 


Hectolitre . 
DekaUtre . 
Litre . 
Decilitre . 
CentUitre . 


7.04 
0.704 
0.070 


88.04 
8.804 
0.880 
0.088 


22.010 
2.201 
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Table IV.— Weight. 





Avoirdapois. 


Troy. 


DramB. 


Oimces. 


PoundB. 


Qrs. 


Cwt 


Poonds 


Tonne 
Quintal 

Myriagramme . 
Kilog^ramme 
Heotogramme . 
D^kagramme 
Gramme . 
D^igramme 


56.440 

5.644 

.564 


85.270 

8.527 

.852 


220.46 

22.046 

2.204 

.220 


7.873 
.787 
.0787 


19.684 

1.968 

.196 


2677.4 

Orains. 

15.432 
1.543 



Table V. 



Measures. 


In terms 

of standard 

Yards. 


In Inches. 


The yard 

The metre 

Thetolse 

Royal Society's metre . . . 

Ordnance metre 

Ordnance toise 

Prussian toise 

Belgian toise 

Russian double toise . . . 
Indian ten-feet bar .... 
Australian standard . . . 


1.0000 
1.0936 
2.1315 
1.0936 
1.0937 
2.1816 
2.1315 
2.1315 
4.2630 
8.3334 
8.8388 


36.000 

89.370 

76.734 

89.369 

89.874 

76.789 

76.784 

76.734 

153.468 

120.000 

119.998 



INDEX. 



A Centigrade thermometric scale, 66 

Absolute velocity, 205 Chemical action, heat from, 62 ; of 

Absorption of heat, 71 ; colour from, ,J^^» ^23 ; of electricity, 187 

277 J total, 278 ; amount of, 280 ; Chemical analysis by galvanism, 184 

causes affecting, 280 ; results of. Chemical electricity, 177 

281 ; examples of, 282 ; of sound. Cleavage, effect of, on electricity, 188 

282; nature of, 288: by black Coal, a convenient fuel, 369 

substances, 301 CoiL induction, 206 

Achromatism, 302 Colo, convectibn of, 841 

Air, electrified, 148 Colour, 116 ; spectrum of, 119 : from 

Alphabet, telegraphic, 221 absorption, 277 ; of polarised light. 

Amplitude of sound-wave, 22 ^^ 

Analogy between matter and motion. Coloured light from white, 97, 116 

268 Combustion, nature of, 858 

Analysis, spectrum, 126 Commutators, 218, 259 

Apparatus for electricity, 165 : for Compass, declination of, 235 

magnetism, 287, 241, 245, 260 ; Compound echoes, 26 

for polarisation, 828 Compression, effect of, on magnetic 

Astatic galvanometer, 195 polarity, 255 . 

Atmosphere, limits of, 110 Condenser, 174 

Atomic heat, 77 ; and specific heat, Conduction of heat, 71 ; of elec- 

77 tricity, 189, 158 ; connected with 

Attraction, electric, 135 ; magnetic, convection and radiation, 274 

227 effects of, 333 j varieties of, 334 

Auditory nerve, 53 connected with specific heat, 386 

Axial position of magnet, 249 nature of, 837 

Conservation of force in sound, 35 

B Constant battery, 183 

Balloon affected by cannonading, 258 Continuance of sound, 40 

Bar magnet, 227, 239 Continuous current derived from in- 

Battery, Leyden, 169; Grove's, 181 ; duction, 259 

Bunsen's, 182; Daniell's, 183; Conyectionofheat, 71, 80; connected 

Smee's, 184; internal resistance '^^ conduction and radiation, 

of, 192 ; telegraphic, 211 274 ; causes of, 340 ; examples of. 

Black really invisible, 278 840 ; nature of, 340 ; of cold, 341 

Brewster's theory of colour, 119 Currents, secondary, 205 ; tertiary. 

Bridge. Wheatstone's, 208 208 ; reversal of. 218 ; continuous. 

Browning's electric lamps, 189 derived from induction, 259 

Brush discharge, 142 Curved polarisation, 825 
Bunsen's battery, 182 

Butterfly net, 147 D 

p Darkness produced from light, 304 

^ Daniell's battery, 183 

Capacity for heat, 72 ; for induction, Declination of a compass, 236 ; line 

175 of no, 235 

2b 
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Decompoiition of light by a prism, 
97, 116, 809 

Definitioii of a magnet, 230 ; of tem- 
perature, 66 

Beflection of a magnet, 284 

Bensity, effect of, on velocity, 88 

Bia-magnetic substances, 249 

Bia-magnetism, 248 ; a polar force, 
250 ; of liquids, 252 ; of gases, 
253 ; nature of, 253 : causes affoct- 
ing,253 

Bifllnrential thermometer, 291 

Biffioflion of sound. 22 

Bip of a magnet, 284 

Bischarge, universal, 173 

Bispenion, 303 ; by refraction, 813 

Bouble sounds 18 ; by refraction, 99 

Brum of ear, 53 

Bnration of a sound, 53 

Bynamical electricity, 177 

Dynamical theory of heat, 69 

E 

Ear, description of, 53 

Earth, a conductor of electricity, 
146 ; magnetism by, 229 

Earth currents, 216 

Echo, 18; at Enville, 26; com- 
pound, 26 

Effects of heat, 60; of electricity, 
135 ; of galvanism, 184 ; of mag- 
netism, 227 ; of conduction, 833 

Electric spark, 141 ; machine, 166 ; 
Ught, 18^ 

Electricity, nature of, 9, 142; two 
kinds of, 184; effects of, 135; 
effects of cleavage on, 188 ; con- 
duction of, 139 ; transference of, 
145: polarisation by, 150; solids 
the best conductors of, 153 ; velo- 
city of, 154; induction of, 156; 
measurement of, 164 ; apparatus 
for, 165; voltaic, 177; chemical, 
177; dyiiamical, 177; compared 
with magnetism, 225 ; from mag- 
netism, 228; magnetism from, 
229; compared with magnetism, 
232; derived from magnetism, 
258 

Electrolysis, 185 

Electro-magnet, 240 

Electrometers, 164, 171, 172 

Electrophoms, 173 

Electroscopes, 133, 170 

Elements of light, 121 

Elementary colours, 119 

Enville, echo at, 26 

Equatorial position of magnet, 249 



Estimatioii of vibrations, 47 

Ethereal medium of light, 106 ; 
limited theory of, 107 ; objections 
to, 109 ; objections considered, 345 

Elder's theory of colour, 121 

Eustachian tube, 53 

Examples of electricity, 132; of 
electrolysis, 185 ; of radiation, 
272, 275 ; of reflection, 287, 289 ; 
of refraction, 814 ; of absorption, 
282; of transmission, 819; of 
convection, 840 

Exchange of heat, 78 

£xpansu>n by heat, 51 

Explosion, nature of, 20 

Eye, description of, 130 



Fahrenheit thermometric scale, 66 

Faraday's net, 147 

Feeling, nature of, 6 

Fluorescence, 129 

Force of galvanism, 190 ; primar}', 

847 
Fraunhofbr's lines, 98 
Fresnel's rhomb, 830 
Friction, heat from, 63 

G 

Galvanic batteries, varieties of, 181 ; 

effects o^ 184. 
Galvanic force, estimation of, 201 ; 

relay of, 222 
Galvanism, nature of, 11 ; origin of, 

177. 180 ; action of, 181 ; chemical 

analysis by, 184 ; deflection of 

magnets by, 187; force of, 190, 

measurement of, 193 
Galvanometers, 179, 195, 198 
Gases, effect of heat on, 59 ; specific 

heat of, 76; dia-magnetism of, 

253 
Generation of sound-waves, 88 
Greenwldi Observatory, apparatus 

at, 245 
Grove's battery, 181 

H 

Hearing, nature of, C 

Heat, nature of, 8, 69; expansion 
by, 61; increase of temperature 
by, 62 ; sources of, 62 ; from the 
sun, 62; from chemical action, 
62; from friction, 63; from 
mechanical action, 63; from per- 
cussion, 63 ; measurement of, 64 ; 
dynamical theory of, 69 ; similar 
to light, 70 ; transference of, 70 ; 
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radiation of, 70, 80; absorption 
of, 71 ; conduction of, 71 ; con- 
vection of, 71, 80; capacity for. 
72; specific, 72; distinguished 
from temperature, 75; atomic, 
77 ; exchange of, 78 ; an effect of 
electricity, 136; and electricity, 
144 ; reflection of, 290 ; refraction 
of, 311 
Heated body, definition of, 69 
Horizontal surface of mercury, 242 
Horse-shoe magnet, 227, 239 



Ice melted by friction, 63 
Images formed by reflection, 288 
Induction, of electricity, 166; battery 
charged by, 159 ; specific capacity 
for, 175 ; coil, 206 ; of magnetism, 
231 
Intensity of sound, 21 ; of light. 111 
Interference of light, 303 



Eew Observatory, apparatus at, 246 



Lamp, electric, 187 

Law, Ohm's, 193 ; of inverse squares, 
266 ; of radiation, 276 ; of refrac- 
tion, 100, 316 

Length, effect of, on vibration, 44 

Lenses made from prisms, 302 

Leslie's photometer, 103 

Leydenjar, 168; battery, 169; as a 
condenser, 174 

Light, nature of, 8, 105 ; similar to 
heat, 70; measurement of, 103; 
persistence of, 104 ; sources of, 104 ; 
undulatory theory of, 106 ; trans- 
ference of, 111 ; intensity of. 111 ; 
radiation of, 112 ; total reflection 
of, 115; decomposition of, 116; 
wave, length o^ 120; chemical 

?ower of, 123; from electricity, 
37 ; electric, 187 ; absorption of, 
279 ; interference of, 303 
Lightning, 161 ; conductor, 161 ; 
effects of, on man, 161 ; death by, 

Srobably painless, 162; cause of 
estruction by, 162 ; return-shock, 
163 
Limits of sound, 19, 53 
Line of no declination, 235 
Liquids, effects of heat on, 60 ; dia- 

magnetic, 252 
Longitudinal vibrations, 62 ; undu- 
latory theory of, 106 



Loadstone or lodestone, 280 
Londness of sounds, 19 

M 

Machine, plate electrical, 166 
Maffnets deflected by galvanism, 
187; horse-shoe, 227; bar, 227; 
deflnition of, 230; electro, 240; 
of Boyal Institution, 248 
Magnetism, nature of, 11, 280 ; 
effects of, 227; electricity from, 
228 ; an effect of electricity, 137, 
258 ; sources of, 228 ; by means 
of ma^ets, 228 ; from electricity, 
229 ; mduction of, 231 ; methods 
of conferring, 233 ; compared with 
electricity, 232 ; dip of, 234 ; ter- 
restrial, 241 ; variations of, 242 ; 
polarisation by, 250; two kinds 
of, 252 
Magnetometer, 237 
Manner's compass, 236 
Measurement of velocity of sound, 
52 ; of heat, 64 ; of specific heat, 
74: of light, 103; of electricity, 
164 ; of magnetism, 237 ; by re- 
flection, 289 
Mechanical action, heat from, 63 
Media necessary for application of 

force, 36 
THeTCUxv. why used for thermome- 
ters, 65 ; horizontal surface of, 242 
Methods of polarisation, 322 
Music, a variety of sound, 19 
Musical notes, 41; pitch of, 42; 
scale, 46 

N 

Ifatiire of sound, 17, 23 ; of heat, 
69 ; of light, 105 ; of electricity, 
142 ; of magnetism, 230 ; of dia- 
mag^etism, 253 ; of magnetic elec- 
tricity, 258 ; of radiation, 274 ; of 
absorption, 283 ; of refraction, 317, 
350; of polarisation, 327 ; of trans- 
mission, 830 ; conduction, 337 ; of 
convection, 340 ; of reflection, 350 

Hfegative electricitv, 134 

Iferye, auditory, 68 

IVewton's theory of light and colour, 
121 ; rings, 306 

Hicol's prism, 329 

Nodal points, 60 ; lines, 60 

Ifoise, a variety of sound, 19 



Octaves of sound, 45 
Ohm's law, 198 
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Parabolic reflection, 286 

Para-magnetism, 249 

Passage of light from the sun, 109 ; 
from planets, 110 

Peltier's electrometer, 172 

Perception of sound, 40 

Percussion, heat from, 63 

Persistence of light, 104 

Phases of force, inter-relation of, 348 

Photometer, Leslie's, 103 

Pitch of sounds, 19; of musical 
notes, 42 ; causes affecting, 43 

Planes of vibration, 322 

Plate machine, ]66 

Points, effects of, on electricity, 149 

Polar nature of dia-magnetism, 250 

Polarisation bv electricity, 150 ; by 
magnetism, 250; causes of, 321; 
methods of, 322 ; results of, 324 ; 
curved, 325 ; nature of, 327 ; ap- 
paratus for, 828 ; test of, 380 

Polarised light, colours of, 326 

Positive electricity, 134 

Primary force, 347 

Prisms, refraction by, 318 ; Nicol's, 
829 

Pyrometer, 67 



Quality of sounds, 19 

B 

Badiation of heat, 70, 80 ; of light, 
112 ; form of, 270 : examples of, 
272, 275 ; causes of, 272 ; results 
of, 273 ; causes affecting, 273 ; 
nature of, 274; connected with 
convection and conduction, 274; 
laws of, 275 

Eailwa3r, underground, lighted by 
reflection, 287 

Bainbow, 124 

Beanmnr thermometric scale, 66 

Becord of magnetic variations, 242 

Becording telegraph, 221 

Beflection of sound, 25; of light, 
112; definition of, 285 : parabolic, 
285; examples of, 287; images 
formed by, 288 ; utility of, 289 ; 
measurement of, 289 ; of heat, 290 ; 
of sound, 290 ; double, 292 ; com- 
bined with refraction, 801 ; affects 
apparent size, 815; total, 315; 
polarisation by, Z22. 328 ; nature 
of, 350 

Befraction of sound, 27 ; by gases. 
28 ; explanation of, 29 ; combinea 



with reflection, 801 ; if light he 
compound, 808 ; if light be smiple, 
812 ; through plates, 812 : throu^ 
prisms, 818 ; dispersion by, 318; 
causes affecting, 814 ; examples o^ 
814; affects apparent size, 815; 
law of, 316 ; nature of, 317, 850; 
polarisation by, 823, 828 

Belay of galvanic force, 222 

Bepusion by electricity, 135; by 
magnetism, 227 

Besinons electricity, 134 

Besistance of battery, 192 ; of wire, 
192 ; unit of, 240 

Betnm-shock, 163 

Beversal of electric currents, 218 

Bheo8tat,201 

Bhomb, Fresnel's, 330 

Boyal Institution, magnet at, 248 

Bumkhorfs coil, 207 



Scale of notes, 44 

Scattered Ught, 113 

Secondary current, 205 ; from mag- 
netism, 206 

Seeing, nature of, 5 

SenseSi only means of knowing facts, 
2 

Shock, electrical, 146 

Signals, telegraphic, 212 

Smee's battery, 184 

Soft iron magnetised by the earth, 
231 

SoUds, effects of heat ujpon, 60 

Sound, nature of, 7, l7, 28 ; heard 
twice, 18; velocity of, 18, 30; 
pitch of, 19 ; quality of, 19 ; loud- 
ness of, 19 ; sources of, 19 ; limits 
of, 19, 63 ; intensity of, 21 ; re- 
flection of, 25 ; refraction of, 27 ; 
perception of, 40 ; continuance of, 
40; causes affecting pitch of, 48; 
octaves of, 45; transmission of, 
48 ; duration of a, 53 ; absorption 
of, 282; reflection of, 290 

Sounding-board of piano, 43, 49 

Sound-waves, form of, 20; ampli- 
tude of, 22 ; velocity of, 22 ; gen- 
eration of, 88 

Sources of sound, 19 ; of heat, 62 ; 
of light, 104 ; of magnetism, 228 ; 
of magnetic variations, 244 ; of 
radiation, 272 ; of polarisation, 321 

Spedflc heat, 72; examples of, 73; 
unit of, 74; measurement of, 74; 
causes affecting, 75; relation of, to 
atomic heat, 77 
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Spectroscope, 128 

Spectnun, 119 ; lines in, 98 ; of col- 
ours; 119: temperature of, 128; 
analysis, 126 

Steam-en^e, apparatus for, 127 

Strings, vibration of, 49 

Son, heat from, 62 

Syren, 48 

System, telegraphic, 213 



Tahles— 
Light, I. to IX., 870-873. 
Heat, I. to VIII., 378-876. 
Electricity, I. to VII., 877-881. 
Magnetism, I. to VI., 381, 882. 
Metric System, I. to V., 388, 884. 
Light — No. of waves in a second, 
120 
,, No. of waves in an inch, 

120 
„ Length of waves, 120 

Tangent galvanometer, 198, 199 

Telegraphic battery. 211 ; wire, 212; 
signals, 212, 217, 220 ; system, 213 

Telegraphy, 211 ; varieties of, 217 

Temperature, effect of, on velocity, 
34 ; increased b^ heat, 62 ; defini- 
tion of, 66; distinguished from 
heat, 76 ; as affecting specific heat, 
76 ; of a spectrum, 123 

Tension, effects of, on vibration, 44 

Terrestrial magnetism, 241 ; appara- 
tus for measuring, 245 

Tertiary current, 208 

Test of polarisation, 330 

Thermometer, 65; differential, 64, 
291 ; solid, 67 

Thermometric scales, 66 

Thermo-pile, 68 

Thickness, effects of, on vibration, 
44 

Torsion electrometer, 171 ; magnet- 
ometer, 237 



Total reflection, 115, 815 : absorp- 
tion, 278 

TnuiBfBrenoe of heat, 70 : of light, 
111 ; of electricity, 145 

Transmission, examples o^ 818; 
results of, 820; nature of, 820 

U 

Undnlatory theory of light, 106 
Unit of specific heat, 74 ; of electri- 
cal resistance, 204 



Vacuum, existence of a. 109 

Varieties, of sound, 19 ; of sound- 
waves, 22 ; of telegraphy, 217 ; of 
conduction, 334 

Velocity of sound, 18, 80; causes 
affecting, 32 : measurement of, 52; 
of light, 98, 102 ; how ascertained, 
102; of electricity, how ascer- 
tained, 154 ; of electricity, 205 

Vibration of strings, 44, 49 ; effect 
of tension on, 44 ; effect of thick- 
ness on, 44 ; effect of length on, 
44 ; number of, in violhi-strings, 
45 ; estimation of, 47 ; longitudi- 
nal, 52 ; number of, in light, 120, 
344 ; planes of, 822 

Violin, notes on, 44 

Vitreous electricity, 134 

Voltaic electricity, 177 

Voltameter, 200 

W 

Water boiled by friction, 68; de- 
composed by zmc. 178 
Wave, length of light, 120-844 
Wheatstone's bridge, 208 
Wire, telegraphic, 212 



Zinc, action of water on, 177 



THE END. 
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rality of us know less than of that of almost any other kingdom. It aims at 
something higher than a mere epitome, for it founds itself on a great deal of 
various reading, and gives results more than abstracts. At the same time it 
devotes sufficient space to anv occurrences which seem to have a general bear- 
ing on the progress or character of the nation. But it does not profess to be 
very minute in its record of trifling or uninflaential occurrences, nor philoso- 
phic in searching out the causes of obscure events." — Avihor^8 PrefcLce. 

THE EIGHTEEN* CHBISTIAJ^ CEirTnBIE& By 

the Rev. James White, Author of 'The History of France.* 
School Edition, post 8vo, with Index, price 6s. 

" He has seized the salient points^-indeed, the governing incidents — in each 
century, and shown their received bearing as well on their own age as on the 
progress of the world. Vigorously and briefly, often by a single touch, has he 
marked the traits of leading men; when needful, he touches slightly their 
biographical career. The state of the countrv and of society, of arts and learn- 
ing, and, more than all, of the modM of living, are graphically sketched, and 
upon the whole with more fulness than any other division." — SpwixAor, 



ENGIiISH FBOSE COMPOSITION: A Practical 

Manual for use in Schools. By James Curbie, M.A., Prin- 
cipal of the Church of Scotland Training College, Edinburgh. 
Fifth Edition, Is. 6d. 

" We do not remember having seen a work so completely to our mind as this, 
which combines sound theory with judicious practice. Proceeding st^p by step, 
it advances from the formation of the shortest sentences to the composition of 
complete essays, the pupil being everywhere furnished with all needful assist- 
ance in the way of models and hints. Nobody can work through such a book 
as this without thoroughly understanding the structure of sentences, and 
acquiring facility in arranging and expressing his thoughts appropriately. It 
ought to be extensively used."— ^f/icrwettm. 

PBOGBESSIVE AND CI.ASSIFIED SPEXiIiING- 

BooK. By Hannah R. Lockwood, Authoress of ' Little Mary's 
Mythology.' Fcap. 8vo, 2s. 



ELEMENTARY WORKS. 



FACTS AND DATES: or. The lioading iBvents In 

Sacred and Profane History, and the Principal Facts in the Tari- 
OU8 Physical Sciences : the Memory beine aided throughout by a 
Simple and Natural Method. For Schools and Private Reference. 
By the Rev. Alex. Mackay, LL.D., F.R.G.S. Second Edition, 
crown 8vo, pp. 336, price 4s. 

EIiBMENTARY ARITHMETIC By Edward Sang, 

F.R.S.E. This Treatise is intended to supply the ^eat desider- 
atum of an intellectual instead of a rodtine course of instruction in 
Aiithmetic. In post 8vo, pric6 5d. 

THE HIGHER ARITHMETIC. By the same Author. 

Being a Sequel to * Elementary Arithmetic* In crown 8vo, price 

5s. 

**We know, indeed, of no more complete philosophy of pure artthmetic than 
they contain ; they are well worthy of Sir John Leslie's favourite pupil It is 
almost needless to add, that we consider the reasoning of these volumes hoth 
thorough and close, and the expression of that reasoning imiformly simple and 
clesiT."— Edinburgh Weekly Eeview. 

FIVE PLACE LOGARITHMS. Arranged by B. Sang, 

F. R. S. E. Price Sixpenfc6, f of the Waistcoat-Pocket. 

TREATISE OM" ARITHMETIC, with numerous Exer- 
cises for Teaching in Classes. . By James Watson, one of the 
Masters of Heriot's Hospital. Foolscap, Is. 

A GLOSSARY OF JSTAVIQATIOia'. Containinje the 

Definitions and Propositions of the Science, Explanation of Terms, 
and Description o^ Instruments. By the Rev. J. B. Habbobd, 
M.A., St John's College, Cambridge ; Chaplain And Naval Instruc- 
tor, R.N. In crown 8v6, illustrated with Diagrams, price 6s. 

DEFINITIONS AND DIAGRAMS IN ASTRONOMY 

AND NAVIGATION. By the Same. Price Is. 6d. 

FORTIFICATION: FOR OFFICERS OF THE 

ARMY AND STUDENTS OP MILITARY HISTORY. By 
Lielit. Hen&t Yule, Bengal Engineers. With' Illustrations. 8vo 
10s. 6d. 

ELEMENTARY TEXT -BOOK OF SCRIPTURE 

HISTORY. By Thomas Stbuthers. Part I. From the Crea- 
tion to the Death of Moses. Price 6d. 

CHOIX DES METTiTiFiTJRES SCENES DE MO- 

LIERE, avec des Notes de Divers Commentateurs, et autres 
Notes Explicatives. Par Dr E. DuBUO. Fcap. 8vo, price 4s. 6d. 

PROFESSOR JOHNSTON'S CATECHISM OF 

AGRICULTURAL CHEMISTRY. A New Edition, edited by 
Professor Voelckeb. With Engravings. Is. 

CATECHISM OF PRACTICAL AGRICITLTURB. 

By Henry Stephens, F.R.S.E., Author of the 'Book of the Farm.' 
With Engravings. Is. 



8 E£«EMBNTABT WORKS. 

* MCIEFT GLiSSIGS fOE EV&nSE EEiSEES 

Editsd bt thb Bbv. W. LXJCAS GOLUNS, M.A. 

Price 2k 6d., bound in doth. 

The aim cf the pmaU tenet vill he to explain^ tuffieiently for genercU 
recuiert, WW thetegreaiwritert were, aetdwmtheu wrote; to oive, wherever 
poetible,t(meeon$ieeledoitU%)ieqf the ttory which they teU, or 
they ree(nyi,cheebedhy the retuUtqf modern invettigaiiont; to present tome 
of their mott ttriHng pctttaget in approved English traaidationt,aaidio 
tlluHraie them generally Jrom moaem wrUert; to serve, in thort, at a 
popular retroqteel of the chMtf literatwre qf Oreeee and Rome, 



The Yolumes published contain — 

L HOKEB: THE IHAJ). Bf fhe Editor. 

XL HOM EB; THE ODTSSET. By fhe Same. 
nL EEBODOTUS. By Qearge C. Swayne, M.A. 
17. CSSAS. By Anthony Trollope. 

T. YISaiL. By the Editor. 
VL HO BACE . By Theodore Hartln. 
Vn. JBSCHTLTJS. By Reginald S. Copleston, BX 

A Volume will be publiflhed Quarterly. 



" It is ifnpostrtble to praise too highly the oonception and execution of this 
series of the Olassios. They aie a kind of ' Bibliotheca Classicomm * for nn- 
learned reaeders, but exe<nited by men of the most accomplished scholarship, 
and tiieiefore eonyeyhig the yety colour and tone of the authors. They will 
be as pleasant to soholios as they are Taluable to those who know only their 
mother tongue."— Brtt<t& Quarteriy JReview, 

"The result is so successftil that it cannot but enhance the impularity of a 
series for which we had a word or two of welcome at its outset, but of which, 
in our Judgment^ no volnme hitherto has oome op to the dngolar excellence 
of that now under eonsideratlon. the secret of tms Is, that its author so com- 
pletely puts hhnself in Horace's place, scans the phases of Ms life with such an 
insight into the poef s character and motives, and leayes on the reader's mind 
so litUe of an impraHdon that he Is fbHowins the attempts of a mere modem to 
realise the feelings and expressions of an andtent. Real genius is a fireemasonry. 
by which the touch of one hand transmits its secret to another; and a capitid 
proof of this Is to be fbund in the sldU, tact, and fellow-feelh]^ with which Mr 
Martin has executed a task the merit and value of which is quite out of propor- 
tion to the size and pretensions of his volume."— iSatui^day Meview. 

"More attnusttve to most zMders, howevefi wiU he the '.flschylus* which 
Mr Reginald S. Copleston has contributed to Mr Oollins's excellent series of 
* Ancient Classics for iSnglish Readers.' Here a lively chapter about the Greek 
stage is followed by a concise memoir and criticism of ^schylus, and that by 
veiT interesting accounts of his seven extant plays. The gr«it merit of this 
series is that its volumes, instead of Ihmishing translations of dassioal works, 
give their story in modem prose, made as accurate and lifelike as their scholarly 
authors can make them. In this case Mr Copleston has succeeded very well 
indeed : and having translations as vigorous as those by Miss Swanwick, Pro- 
fessor Flumptre, and Dean Milmaa to make his extotcti firam, the result is a 
really delightful little volume. 

** Mr CoUins's Virgil is by fhr the best of the Ancient Classics which have 
yet appeared ; and if the authors promised us are as carefhlly treated, the series 
as a whole will have a substantial value, and will be highly appreciated by all 
who wish to know something of the great woiks which have been bequeathed 
to as by the writers of antiquity."— 2S»m<ner. 



BLACKWOOD'S CLASS - BOOKS. 



Strongly Bound in Clothy unless otherwise stated^ 

GEOGRAPHY. 

Manual of Geography. By Rev. Alex. Mackay, 
LL.D., &c. New edition, revised and en- 
larged, in Two Parts. Part I. published, . 4s. od. 

Elements of Geography. By the same, . 3s. od. 

Outlines of Geography. By the same, . is. od. 

First Steps in Geography. By the same. Sewed, 4d. 

Or in cloth, 6d. 

Geography of the British Empire. By the 

same. Sewed, 3d. 

Atlas of General Geography. By A. Keith 

Johnston, LL.D., &c. Half-bound, . . 12s. 6d. 

Elementary Atlas of Geography. By A. Keith 

Johnston, LL.D., &c; Half-bound, . . 55. od. 

PHYSICAL GEOGRAPHY. 

Introductory Text -Book of Physical Geo- 
graphy. By David Page, LL.D., &c., . 2s. od. 

Advanced Text-Book of Physical Geography. 

By the same, 5 s. od. 

Examinations in Physical Geography. By the 

same. Sewed, ..... pd. 

Ritter's Comparative Geography. Translated 

by W. L. Gage, 3s. 6d. 

Atlas of Physical Geography. By A. Keith 

Johnston, LL.D., &c. Half-bound, . . 12s. 6d. 

GEOLOGY. 

Introductory Text -Book of Geology. By 

David Page, LL.D., &c., .... 2s. od. 

Advanced Text-Book of Geology. By the same, 7s. 6d. 

The Geological ExAMiNATOR. By the same. Sewed, . gd. 

Handbook of Terms in Geology and Physical 

Geography. By the same, . . . 7 s. 6d. 



WILLIAM BLACKWOOD & SONS, Edinburgh and London. 



BLACKWOOD'S CLASS - BOOKS-Con^^ued. 



ZOOLOGY. 

Text-Book of Zoology. ' By H. Alleyne Nichol- 
son, M.D., &c., 6s. od. 

Manual of Zoologv. By the same, /;/ f/ie Press, 

HISTORY. 

The Eighteen Christian Centuries. By Rev. 

J. White, 6s. od. 

History of France. By Rev. J. White, . 6s. od. 
Epitome of Alison's History of Europe, . 7s. 6d 

CLASSICS. 

Ancient Classics for English Readers : — 



The Iliad of Homer. By W. L. Cgllins, 



2s. 6d. 



The Odyssey of Homer. By do., . . 2s. 6d. 

Herodotus. By G. C. Swayne, .- . 2s. 6d. 

CiicsAR. By Anthony Trollope, . . . 2S. 6d. 

Virgil. By W. L. Collins, . . . 2s. 6d. 

Horace, By Theodore Martin, . . 2s. 6d. 

Others in preparation. 
The above series is well adapted for Ladies* Schools, 

Atlas of Classical Geography. By A. Keith 

Johnston, LL.D., &c. Half-bound, . . 12s. 6d. 

AGRICULTURE. 

Elements of Agricultural Chemistry. By J. 

F. W. Johnston, 6s. 6d. 

Catechism of Agricultural Chemistry. By 

J. F. W. Johnston, is. od. 

Catechism OF Agriculture. By Henry Stephens, is. od. 

ASTRONOMY. 

Atlas of Astronomy. By A. K. Johnston, LL.D., 

&c. Half-bound, 12s. 6d. 

ENGLISH LITERATURE. 

Progressive and Classified Spelling - Book. 

By Miss Lockwood, . . . . is. 6d. 

Etymological Dictionary of the English 

Language. /;/ the Press. 

English Prose Composition. By the Rev. J. 

Currie, M.A., . . . . . . is. 6d. 



